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ABSTRACT
The main aim of this study was to investigate the threshold and tuning 
properties of cochlear nerve fibres in kanamycin treated guinea pigs having 
various degrees of hair cell loss restricted to outer hair calls (OHCs).
The frequency threshold curves (FTCs) of fibres originating in regions 
of total OHC loss had thresholds elevated 40-50 dB above normal, and a 
broadening of their 10 dB bandwidths, on average, to five times greater than 
normal. On the assumption that the inner hair cells (iHCs) in the regions 
of OHC loss are unaffected by the kanamycin, the results suggest that the 
normal low threshold, sharply tuned properties of cochlear fibres depend in 
some way on the integrity of the OHCs. Because the majority, if not all, of 
these fibres originate at the IHCs, some form of interaction between outer 
and inner hair cells and /or their innervations is implicated.
Also investigated was the relationship between the elevation of minimum 
thresholds of FTCs and their 10 dB bandwidths. For fibres with characteristic 
frequencies (CFs) above 2 kHz, the relationship was non-linear such that the 
10 dB bandwidth was substantially increased only for threshold elevation 
greater than 30-40 dB. For lower CFs, 10 dB bandwidths increased hand in hand 
with minimum theshold elevation.
The physiological findings are discussed in relation to possible mech­
anisms of sharp cochlear tuning, and also to possible correlates in psycho­
physical studies of deafness of cochlear origin.
Cochlear action potentials (CAPS) were also recorded from normal and 
kanamycin treated GPs. Latency and amplitude: intensity functions were 
measured ( to empirically test theories of how they reflect underlying cochlear 
fibre activity) and also CAP thresholds to tone pip stimuli. The latter 
thresholds correlated well with the minimum thresholds of corresponding cochlear 
fibres over a frequency range of 1-40 kHz, for both normal and pathological 
cochleas.
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INTRODUCTION.
l«la GENERAL INTRODUCTION TO THE MAIN AIMS OF THE PRESENT STUDY. 
1.1b SECONDARY AIMS OF THE PRESENT STUDY.
1.2 COCHLEAR INNERVATION.
1.3a COCHLEAR FREQUENCY ANALYSIS.
1.3b EVIDENCE FOR A SECOND FILTER.
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1.4a THE OTOTOXIC EFFECTS OF KANAMYCIN.
1.4b THE PATTERN OF HAIR CELL DEGENERATION PRODUCED BY KANAMYCIN. 
1.4c • ARE IHCs NORMAL AFTER OHC LOSS?
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Within the ears oi men, and without their knowledge or contrivance, this 
lute of 3,COO strings has existed for ages, accepting the music of the outer
world and rendering it fit for reception by the brain .......................
surely, inability to feel the stupendous wonder of what is here revealed 
would imply incompleteness of mind.
JOHiJ TYNDALL t ON SOUND. 1&93. A reference to the organ of Corti.
1.1a GENERAL INTRODUCTION TO THE MAIN AIVS OF THE PRESENT STUDY.
This introductory section briefly presents the background to the main 
questions addressed in the present study and also outlines the strategy 
taken to answer these questions. The more important aspects are considered 
in more detail in the other sections of this first chapter.
The sensory hair cell is undoubtedly the most important component of 
the acoustico - lateralis system in vertebrate animals, being ultimately 
responsible for the excitation of sensory neurones in response to the energy 
of mechanical vibration. The mammalian cochlea is characterized by its 
possession of two distinct, separately innervated, hair cell populations, the 
inner hair cells (iHCs) and the outer hair cells (OHCs), and the prime aim of 
this study was to investigate the role of the OIICs in normal cochlear function. 
Of particular interest is the contribution of the OHCs to the threshold and 
tuning properties of the cochlea, properties that are manifest in the low 
threshold and sharply tuned frequency threshold curves’(FTCs) recorded from 
single cochlear fibres (e.g. in cat* KATSUKI et al. 19585 KIANG et al. 1965; 
and guinea pigs (GP)* EVANS, 1970, 1972). The upper curves in figure 1.1 
(from EVANS, 1972) are eight typical FTCs from normal GPs, and they illustrate 
how each fibre is tuned to a narrow range of stimulus frequencies.
Because 85-95^ of afferent cochlear fibres appear to terminate on the 
IHCs (SPOENDLIN, 1970, see figure 1.4; 3EOB3ISOS et al. 1975) it is likely that 
the great majority of the recordings from cochlear fibres have been made from 
fibres originating on the IHCs. Indeed the absence of any anatomical evidence 
for more than one population of afferent fibres based on fibre diameters 
(GAOEK dc RASMUSSEN, I96I, HALL & P0NNING-AffiiESSN, 1974) and the lack of clear 
physiological evidence of more than one population (the responses of cochlear
1 The frequency threshold ( tuning) curve of a cochlear fibre is the thres­
hold boundary of its response area in frequency and intensity space. 
Stimuli with frequency and intensity combinations falling within the FTC 
cause an increase in the fibre discharge rate above its spontaneous rate 
of activity.
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1 10 50
Tone frequency, kHz
FIGURE 1.1 (from EVANS, 1975c). Frequency threshold curves of 8 cochlear 
fibres from 6 guinea pigs, in dB SPL measured at the tympanic 
membrane (corrected to closed bulla conditions). Curves below: 
analogous curves derived from the measurements of the vibration 
amplitude of the guinea pig basilar membrane by VON BEKiSY (1944» 
curves at 0.2/ and 0.9 kHz), by JOHNSTONE et al. (197°» curve at 
18 kHz) and by WILSON dc JOHNSTONE (1972, dashed curve at 20 kHz). 
These curves are corrected for the GP middle ear frequency respon­
se to relate them to the sound pressure at the tympanic membrane 
and are positioned arbitrarily on the intensity scale.
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fibres are relatively homogeneous e.g KIANG, I968; EVANS, 1972} see section 
1.32) suggest that all the fibres recorded from, may originate at the IHCs. 
However, from a number of considerations, the OHCs have been held responsible 
for the low thresholds of cochlear fibre responses and for their sharp tuning.
The evidence in favour of this hypothesis (as well as contrary evidence) is 
given in" section 1.3d.
Of particular importance to the question of the contribution of the OHCs 
to normal cochlear fibre responses, are studies which have revealed the vulner­
ability of the low threshold and sharp filtering properties of cochlear fibres 
to various kinds of acute cochlear pathology, e.g. cochlear hypoxia (EVANS,
1970, 1972, 1974a> 1974^} ROBERTSON & MANLEY, 1974), cyanide and furosemide 
poisoning (EVANS & KLINKE, 1974} EVANS, 1974a, 1974b, 1975b,c).One result of 
such cochlear insults was a loss of the low threshold and sharply tuned 
segment of the cochlear fibre FTC, leaving behind a high threshold, less well 
tuned FTC. On the grounds that the OHCs may be more vulnerable than the IHCs 
to such cochlear insults (and on the other grounds reviewed in section 1.3d) 
the speculation was made that the low threshold and sharp tuning properties of 
cochlear fibres were in some way dependent upon the integrity of the OHCs.
The speculation found some support in the results of a study by KIANG, MOXON 
&  LEVINE (1970) which indicated a deterioration in the threshold and tuning 
properties in cat cochlear fibres from cochlear regions with severe OHC loss 
caused by kanamycin poisoning, but where IHCs remained apparently intact.
However, KIANG et al. did not draw this conclusion themselves, and have expressed 
reservations (KIANG et al. 1976) on the grounds that the extent of the region 
over which total OHC loss occurred was small, and a precise cochlear frequency 
map for the cat was not available. This made it difficult to correlate, with 
certainty,' changes in the FTCs with the region of OHC loss.
The present study therefore sought to examine, under more favourable 
conditions, the effects of hair cell loss, restricted to OHC, on the threshold 
and tuning properties of cochlear fibres. These more favourable conditions 
were produced by using the GP as the experimental animal. It was chosen 
because 1
a) A directly measured cochlear frequency map existed in our laboratory 
for the GP (WILSON & JOHNSTONE, 1972} methods section 2.9).
b) Large areas of hair cell loss, restricted to OHCs, can be induced 
in the GP with chronic administration of kanamycin (e.g HAWKINS Sc ENG3TR0V,
1964} KOHONEN, 1965} DALLOS & WANG, 1974} YLIKOLKI, 1974} section 1.4)«
c) Surface preparation techniques are particularly easy to apply in 
the GP (ENGSTROi et al. 1966; methods section 2.8). By this method, the 
pattern of hair cell degeneration caused by kanamycin poisoning was most 
easily assessed.
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The main problem with selecting the GP was anaesthesia. Under conven­
tional (e.g. barbiturate) anaesthesia, cardiovascular and respiratory depres­
sion is extremely common, and can lead to a deterioration in cochlear threshold 
sensitivity and tuning properties (see EVANS, 1972). To overcome these 
problems a new anaesthetic technique was developed, utilizing neuroleptanaes- 
thesia. (The method was suggested by, and developed in collaboration with 
E.F. EVANS. It is fully described in methods section 2.3). This anaesthetic 
technique, together with strict control of blood pressure and respiration, and 
careful monitoring of cochlear condition (see methods) has enabled the present 
experiments to be carried out without the problems caused by acute cochlear 
hypoxia, the outcome of which would make the interpretation of the results 
from long term pathology impossible.
To test the hypothesis that the OHCs are responsible for normal thresholds 
and tuning properties of cochlear fibres, these properties have been measured 
in cochlear fibres which originate in cochlear regions with total OHC loss 
caused by kanamycin poisoning. The responses of fibres from cochlear areas 
with various degrees of OHC loss were also investigated. In all these circum­
stances, the crucial assumption is being made that the IHCs in such areas 
(which appear normal under light microscopy) are not themselves damaged by 
kanamycin. This assumption is critically examined in section 1.4d. In brief, 
much evidence in support of this assumption comes from electronmicroscopic 
(EM) studies of the hair cells which remain after kanamycin poisoning. Thus 
LUNDQUIST dc Yu'ERSALL (1966) found few abnormalities in such cells. YLIKOSKI 
(1974) reported that providing about four weeks are allowed as a recovery 
period after kanamycin administration, there were no gross morphological 
changes in IHCs remaining in regions of total OHC loss.
The main aim of the present study was to investigate the mechanism of 
sharp tuning in normal, low threshold cochlear fibres by which means the 
cochlea fulf iIs its role as a frequency analyzer. As a background against 
which the results of the present study will be discussed (chapter 7 .0) it is 
appropriate to present a brief review of the prevailing ideas concerned with 
cochlear frequency analysis, and also a brief summary of the features of 
cochlear anatomy and innervation which may be relevant to this mechanism.
These reviews are given in sections 1.2 and 1.3 of this introduction.
1.1b SECONDARY AIMS OF THE PRESENT STUDY.
The secondary aim of the present study was to investigate how
cochlear action potential (CAP) responses were related to single cochlear
fibre recordings in the same animal, and also to the state of cochlear hair
cell degeneration. (The various patterns of hair cell degeneration produced 
in the GPs of this study were well defined by the histological evaluation
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methods.) Two aspects of CAPs are investigated!
a) The thresholds of CAPs to frequency specific (tone pip) stimuli.
The question asked was! how far can CAP thresholds serve as an indication of 
individual cochlear fibre thresholds in the normal cochlea and under various 
conditions of hair cell loss? The reasons for this investigation were two 
fold. Firstly, in clinical electrocochleography, tone pip stimuli have 
proved useful for determining thresholds of cochlear response across frequency 
(DAVIS, I9765 EGGERMONT & ODENTHAL, 1974? SCHMIDT,'EGGEHHONT ¿b ODENTHAL,
1974), There has however, been no direct evidence that tone pip evoked CAPs 
can be valid indicators of the thresholds of individual cochlear fibres, and 
hence, in cochlear pathology, residual cochlear function. Direct evidence, 
albeit in GP, is being sought in this study. Secondly, in experimental invest­
igations on cochlear function, the physiological condition of the cochlea is a 
potential variable and should be rigorously controlled. One of the earliest 
manifestations of a physiological deterioration is an elevation of the mini­
mum threshold of cochlear fibre responses (e.g.EVANS 1970» 1972). In this 
respect, the ability to determine such threshold elevation as a function of 
frequency using grossly recorded CAP thresholds to tone pips is very useful, 
particularly in experiments, such as the main part of the present study, where 
confusion could arise between threshold elevation caused by chronic cochlear 
pathology and accidental acute cochlear deterioration during experimental 
proceedings. For such use, the relationship between cochlear fibre minimum 
thresholds and the frequency specific CAP thresholds needs to be demonstrated.
b) The amplitude»intensity and latency : intensity functions of the 
(first negative going peak) of the CAP in response to click and tone pip 
stimuli.
These functions are commonly measured in human electrocochleography for 
diagnostic purposes (e.g.YOSHIE, 1968; ARAN, 1971, 1973} SALOMON & ELEERLIHG,
19715 EGGERiiONT ¿6 ODEHTHAL, 1974» MONTANDON et al. 1975a, b,). However, their 
proper interpretation is prevented because it is still unclear as to how the 
functions (particularly those from pathological cochleas) reflect the under­
lying activity of cochlear fibres, and in the case of cochlear pathology, the 
extent and degree of the cochlear lesion.
A number of suggestions and theories have been proposed to explain the 
forms of the amplitude and latency : intensity functions. These range from 
those based on the improbable assumption of two populations of cochlear fibres 
(e.g DAVIS et al. 1958} YOSHIE, I9685 ARAN, 1971? see section 8.2 for other 
references), to more likely suggestions which involve known properties of 
cochlear fibre responses2 (EVANS, 1975b;CZDAMAB & DALLOS, 1976} De BOER, 1975,
2 Rather than describe the suggestions of these authors in this, introductinji,
it is more appropriate and convenient to do so in discussion ^section ©.¿j.
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1977)» De BOER'S model has incorporated a number of the properties of cochlear 
fibres (e.g their frequency selectivity and latency of response) and can 
reproduce some (but by no means all) features of the normal latency and ampl­
itude : intensity functions. The present investigation was an attempt to test 
empirically these theories, particularly their prediction of the shape of 
functions in cochlear pathology involving OHC loss.
By comparing amplitude t intensity functions (for tone pip and click 
stimuli)with the extent of hair cell damage in the cochlea, it was also possible 
to ascertain which features of such functions were reliable, and therefore useful 
indicators of the degree or pattern of a cochlear lesion.
The results and discussion of this study on cochlear action potentials 
are presented in chapters 5 ¿c 8 respectively.
An essential part of any study concerned with the investigation of abnor­
mal function is to define what is normal by the use of control studies carried 
out under the same conditions. Thus, data from normal control animals are 
presented, mainly for comparison with results from pathological animals.
Certain aspects of the normal data are, however, discussed in their own right, 
particularly where they differ, or where the conclusions based on them differ, 
from the findings of others.
X.2. COCHLEAR INNERVATION.
The present study is primarily concerned with a correlation of cochlear 
nerve fibre responses and the pattern of hair cell damage in the cochlea. It 
is appropriate therefore, to briefly summarize what is presently known about the 
afferent innervation of the cochlea.
Figure 1.2 (from SPOENDLIN, 1970) summarizes the scheme of innervation for 
the cat cochlea. There are two main types of afferent fibre, the inner radial 
fibres which innervate only the IHCs, and which make up the majority of the 
afferent fibres, and the outer spiral fibres which innervate the OHCs. In the 
cat, 90-95# of afferents are inner radial fibres, and only 5-1C# are outer 
spiral fibres (SPOENDLIN, 1970). In the guinea pig, according to MORRISON et al. 
(1975)» 85-90# of the afferents are inner radial fibres and 10-15# are outer 
spiral fibres.
Both types of afferent fibres enter the organ of Corti via the habenula 
perforata, and so through each habenular opening pass some 20 inner radial 
fibres along with only one or perhaps two fibres destined for the OHCs (SPOE- 
NDLIN, 1970)» All the fibres are unmyelinated as they enter the habenula 
perforata amd remain so in the organ of Corti. As shown in figure 1.2 , the 
inner radial fibres terminate immediately on the IHCs, whilst the outer spiral
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Schema of the general innervation pattern of the organ of Corti. o H : outer hair 
cella; ¡H: inner hair cells; HA: habenular openings.
Schematic outline of the fibre distribution of the organ of Corti. Full thick lines: 
afferent fibres to the outer hair cells. Fuil thin lines: afferent fibres to the inner hair ceils. 
Interrupted thick lines: efferent nerve fibres from the contralateral olivo-cochlear bundle 
Thin interrupted tinea: efferent nerve fibres from the homolateral olivo-cochlcar bundle.
FIGURE 1.2 (from SPOENDLIN, 1970). Schematic diagrams of the innervation 
pattern of the (cat) organ of Corti. Dashed lines represent 
efferent fibres, solid lines represent afferent fibres. Of the 
afferent fibres, 90-95/» are inner radial fibres innervating the 
IHCs, and only 5-10% are outer spiral fibres innervating the 
OHCs.
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fibres cross the tunnel of Corti and then take a spiral course basalward.
The outer spiral fibres are firmly embedded in the cytoplasm of the tunnel 
floor and are sometimes termed basilar fibres at this point. When they reach 
the OHC region, each outer spiral fibre typically runs basalward for up to 
0.7 mm (as inferred from electronmicrographic (EM) sections by SPOENDLIN 1970) 
before terminating on about 10 OHCs. PERKINS & MOREST (1975) used Golgi 
staining (of the kitten cochlea) to visualize individual outer spiral fibres.
They drew attention to the great variation in the length of the outer spiral 
fibres and the number of the OHCs innervated. They found outer spiral fibres 
of up to 0.5 mm in length in the kitten (up to 0.7 mm in the rat). They also 
noted that for fibres which innervated only one row of OHCs, this was usually 
row 1 of the OHCs, and that fibres terminating on 2 rows of hair cells usually 
did so on rows 2 & 3 of the OHCs. (table 4 in PERKINS & MOREST, 1975)•
In the GP, SMITH (1975) used the same staining methods, and also found 
a considerable variation in the length of the outer spiral fibres (0.2 - 0.7mm). 
Furthermore, 6he reported a systematic variation from apex to base in the extent 
of outer spiral fibre innervation, the apical outer spiral fibres more frequ­
ently innervating a longer segment of the organ of Corti than in the basal turn.
In the base they branched over approximately 0.1 mm and innervated 6-20 hair 
cells consecutively, whereas apically the same number of hair cells were inn­
ervated but usually non-consecutively, and therefore over a longer segment of 
the organ of Corti. SMITH also found that the outer spiral fibres in the 
basal turn usually innervated a single row of DHCs whereas more apically there 
was a tendency for all three rows to be innervated by a single fibre.
All these afferent fibres have their cell bodies in the spiral ganglion, 
located in Rosenthal's canal. The axons of these spiral ganglion cells congregate 
in the modiolus, and run together (with a spiral, tonotopic organization) 
through the internal auditory meatus to the cochlear nucleus. There is no 
histological evidence to suggest that, from their origin at the hair cell(s) 
to their termination at the cochlear nucleus, the afferent neurones synapse 
with any other type of neurone or with each other? In particular, there is no 
evidence of synaptic regions at the habenula perforata where unmyelinated outer 
spiral fibres and inner radial fibres run closely together (e.g SPOENDLIN,
1966, 1970, 1973» 1974)» Any direct interaction between these fibres could, if 
at all, only occur on an electrical basis (SPOENDLIN 1970). 3
3 The only morphological evidence which could possibly indicate a neural 
interaction has come from PERKINS & MOREST (1975) who found that some 
outer spiral fibres send branches to IHCs via short collaterals. 
However, these have only been found in the cochleas of immature cats 
and rats. SMITH (1975) using the same GOLGI staining method in adult GP, 
and SPOENDLIN e.g. (1973) in the cat have failed to find similarly 
branched outer spiral fibres.
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1.3a COCHLEAR FREQUENCY ANALYSIS
4The validity of the 'place theory' of cochlear frequency analysis 
is now well established, particularly by the work of VOii BEKESY who demon­
strated that the maximum of the travelling wave displacement envelope of the 
basilar membrane (B'f) shifts with frequency of stimulation. High frequencies 
and low frequencies cause maximal disturbance in basal and apical regions of 
the basilar membrane respectively. In direct observation of the movement of 
the cochlear partition (under stroboscopic illumination) VOX ESKESY was able 
to measure the basilar membrane amplitude Vibrations for low frequencies and 
to demonstrate its mechanical tuning properties (reviewi BEKESY, i960).
These basilar membrane measurements in guinea pig were extended to higher 
frequencies by JOHNSTONE et al. (1970) using a Mossbauer technique, by Y.ILSON 
&  JOHNSTONE (1972, 1975)> with a capacitance probe, and by KOKLLOFFEL(l972) 
using laser fuzziness detection. The measurements of mechanical tuning in 
the guinea pig cochlea from the above methods are in good agreement and also 
compare well with the data of DALLOS (1973) in which the mechanical frequency 
response of the GP cochlea was inferred from differential electrode recordings 
of cochlear microphcnic (CM), Similarly, KOHLLOEFEL (1971) found that the CM
distribution pattern along an array of twelve electrodes was consistent with 
BM displacement (see YaLSON, 1974 for discussion)
The frequency threshold curves (FTCs) or tuning curves of individual 
fibres in the cochlear nerve, represent the frequency selectivity of the 
cochlea, i.e. .its ability to separate out frequency components in a complex 
signal. The first recordings from single auditory nerve fibres by TASAKI 
(1954) in the GP indicated the FTCs to be as broadly tuned as the mechanical 
BM tuning data of BEXESY. However, subsequent single cochlear fibre recordings 
in cat and monkey by KATSUKI et al. (1958> 196l) and in cat by KIANG and his 
co-workers (KIANG et al.. 1965» 1967 ) revealed more sharply tuned FTCs.
Single cochlear fibre recordings in GP (EVANS 197°» 1972) extended the 
observation of sharp neural tuning4 5to the species on which most basilar mem­
brane tuning data had been obtained. Figure 1.1 (from EVANS 1975b)allows a 
comparison between the FTCs from normal single cochlear fibres with analogous 
BM amplitude plots, and clearly shows the difference between mechanical tuning
4 In 'place theory', the frequency of a sound stimulus is coded in terms 
of the position along the cochlear partition which that stimulus max­
imally excites. At low frequencies of stimulation,the place coding is 
possibly supplemented by a temporal analysis of the stimulus wave - 
form (as in the 'volley theory' of VYEVER ¿e BRAY, 1930).
5 The reason for TASAKI's broadly tuned FTC is unclear. However, the 
most likely possibilities are that either acute cochlear hypoxia 
occurred during the experiment, and the FTC was therefore of raised 
minimum threshold and broadly tuned, or that the FTC represented an 
incomplete analysis, perhaps because contact with the fibre was lost. 
(EVANS,1972).
data and neural tuning. The difference has "been demonstrated conclusively 
in the cat by the concurrent measurement of BM tuning and cochlear fibre 
tuning (EVAN'S & WILSON, 1973).
1.3b. EVIDENCE FOB A SECOND FILTER.
The difference between the measured mechanical tuning of the Bit and the 
neural tuning supports the hypothesis of a two stage filtering process in the 
cochlea, the first stage provided by the mechanical tuning of the BM, and the 
second to account for the sharply tuned responses of cochlear fibres (EVANS, 
1972} WILSON & JOHNSTONE, 1972} EVANS & WILSON, 1973} reviewi EVANS 1975a).
The earliest6 experimental evidence in favour of this hypothesis came 
from studies on two phenomena which are related to cochlear non-linearities 
i.e. the cubic difference tone 2fj - f2 , and two tone suppression. Psycho­
physical investigations of 2f} - f2 (GOLDSTEIN, 1967, 1970} SMOORENBURG,
1972a, b) and investigations of its neurophysiological correlate (GOLDSTEIN 
<x KIANG, 1968} GOLDSTEIN 197°) have demonstrated it to be a distortion product 
whose level is relatively independent of the level of the primaries, fj and f2, 
which produce it (an ’essential’ non-linearity) but dependent on the frequency 
separation of those primaries. The latter property indicates that the non­
linearity is preceded by a frequency selective process. The 2fj - f2 behaves 
as if produced by a stimulus tone with a frequency of 2f] - f2 , that is, it 
seems to be transduced in the cochlea at the position where an equivalent 
real tone would be. However, there is no evidence of a corresponding 2fj - 
f2 component in direct BM amplitude measurements7(WILSON <se JOHNSTONE, 1972, 
1973} RHODE, 1977) or the BM mechanics inferred from CM recordings (DALLOS, 
1969, 1973; DALLOS St CHEATHAM, 1974)» Thus the non-linearity producing the 
2fj _ f2 cubic difference tone would appear to arise after the BM tuning.
6 Cochlear mechanisms which involve a sharp filtering mechanism in 
addition to the mechanical tuning of the BM had been previously 
proposed (e.g. GOLD, 1948} HUGGINS & LICKLIDER, 1951» FURMAN oc FHISIIKQPF, 
1964), but were theoretical rather than based on experimental evidence.
7 GREENWOOD (1977,comment on RHODE 1977) Las claimed that from estimates 
of the level of the 2f] - f2 cubic difference tone (from psychophysical 
and physiological studies) the negative results from direct BM measure­
ments would be expected i.e. the 2f] - f2 is too far below the primaries 
to be detected (50-70 dB at high primary levels). However WILSON (1977 
- discussion on RHODE 1977) maintained that with capacitive probe 
measurements, the 2f] - f2 was not found even at levels 10-20 dB below, 
those expected on the basis of their neural thresholds in the same
species.
11 -
However, in order to account for the frequency analysis of the cubic difference 
tone,to separate it out from its primaries, the non-linearity must be followed 
by a second frequency selective process (SMOOKENBURG, 1972b).
Two tons suppression, also related to a cochlear non-linearity has also 
been accounted for in a model which involves enclosing a non linear section 
between two linear filters (PFEIFFER, 1970).
A number of other observations also support the two Btage filtering 
hypothesis. The hypothesis accounts for the fact that each afferent fibre 
has its own''private' filtering and threshold characteristics (EVANS, 1972;
EVANd & WILSON,' 1973) i«e fibres(in single animals) with similar characteristic 
frequencies (CPs) have bandwidth and cut-off slope values which vary widely. 
Thresholds also vary by as much as 20-30 d3 in adjacent fibres, and occasionally 
(at least in the GP) fibres with greatly elevatod thresholds (e.g. minimum 
thresholds greater than dB SPL) have been found amongst a population of 
otherwise normal fibres (EVANS 1972). It is very unlikely that the variation' 
in responses observed could be accounted for by the mechanical filtering 
properties of the BM which one would expect to bs more evenly distributed.
Further evidence to suggest that the neural tuning has a separate 
mechanism from that of the EM tuning is the demonstration of the vulnerability 
of sharp neural tuning to physiological insults such ns brief periods of 
hypoxia (EVANS, 1974a; ROBERTSON ¿e MANLEY, 1974) and also acute intra-cochlear 
and systemic administration of ototoxic drugs (EVANS, 1974b, 1975tc,1976a*
EVANS & KLINKE, 1974)» Figure (1.3) shows a result from the study by EVANS 
(1974a). Note how the sharply tuned segment of che FTC is lost (over a 
period of about 4 minutes) curing hypoxic conditions (curves A to E) and 
subsequently recovers when normal oxygenation of the blood occurs (curves E 
to F). Tiis 3M tuning is unlikely, in such a short time scale, to he susceptible 
to such physiological insult.
EHOLE (1973),investigating BM mechanics in 
the squirrel monkey with the Kcssbauer effect, reported that small changes in 
the BM mechanics occurred within minutes of the death of the animal or removal 
of the cochlear nerve and cochlear blood supply. These changes were such as to
g
reduce a non-linearity of the BM mechanics which was reported to occur at 
moderate sound levels (c. 70 dB SPL) in the squirrel monkey, and which was 
claimed to be responsible for some degree of sharp mechanical tuning. However, 
these effects are too small in magnitude anu not rapid enough to account for 8
8 The non-linearity reported by RHODE (19719 197-3) in the squirrel monkey 
BM, and found at moderate sound pressure levels of 70 d3 has not been 
found using capacitive probe methods in the GP at levels down to 40 
dB SPL (WILSON it JOHNSTONE, 1972, 1975) or in the cat at levels of 55 
dB SPL ( EVANS & WILSON, 1975).
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FIGUHE 1.3 (from EVANS, l$74h)• The reversible effects of hypoxia on a
frequency threshold curve in the cat. The inset shows the times 
at which the curves were determined (in relation to the change 
in the cochlear action potential) before, during, and after a 
period of hypoxia produced by respiring the animal with an Oj / 
N j 0 mixture containing only 5/° oxygen.
the neural tuning changes described above. On the other hand, WILSON (a 
JOlINSTOliB (1975) found that the BM mechanics, as measured with a capacitive 
probe, did not significantly alter after death or as a result of physiological 
changes which caused threshold shifts in CAP responses. Long term post-mortem 
changes (over days) which have been reported (e.g. KOHLLOFFEL, 1973$ RHODE,
1973) are, of course, too slow to account for the relatively rapid neural 
tuning curve changes.
Figure 1.4 (from EVANS &  WILSON, 1973) indicates, in summary, the possible 
arrangement, characteristics and location of the functional mechanisms required 
for cochlear frequency analysis.
1.3c POSSIBLE MECHANISMS FOR A SECOND FILTER.
A  number of ideas have» been put forward concerning the site and mechanism 
of the second filter. Some of these models propose that the ultimate mech­
anical stimulus to the hair cells is not represented by the travelling wave 
envelope but some derivative of it which is more frequency specific. Indeed, 
all the determinations of th9 amplitude of Vibration of the BJ£ have been made 
from the scala tympani and it is possible that the interaction of the BM motion 
with the tectorial membrane can produce more specific stimulation of hair cell 
than the whole travelling wave envelope.
Some models invoke purely mechanical processis such as the ’beam' or 
relative deformation hypothesis of HUGGINS <$c LICKLIDEH (1951) whereby a 
relatively stiff tectorial membrane pulls at the 3tereocilia when the organ of
i
Corti and the tectorial membrane move apart. By postulating that the mode of 
excitation is force rather than pure displacement,it is possible that sharpening 
can occur. Other purely mechanical models depend oh the observations that 
various modes of shear occur at restricted points along the travelling wavs. 
BEKESY (1953) claimed that longitudinal and radial shear components occurred 
in the BM displacements, and analogues have also been demonstrated in cochlear • 
models (TONNDORF, 1962$ KHANKA et al. 1968). TONNDOBF (1973, 1974) has proposed, 
on the assumption that hair cells respond optimally to shearing in one part­
icular direction, that the organ of i!orti could be stimulated over a more 
restricted distance, and provide neural tuning curves with steeper cut-off 
slopes than the amplitude tuning of the BM. However, as EVANS has pointed 
out (discussion on EVANS « 'WILSON 1973$ discussion on TONNDQRF 1974) this 
shearing mechanism cannot fully account for the steep low frequency cut-off 
slooes found in cochlear fibre FTCs of up to 200 dB/octave. Indeed the shear 
force envelopes demonstrated (by TONNDORF 1974) were not much different from 
the corresponding BM volume displacement envelopes. Similarly, mathematical 
models by BILLONS (e. RAYNOR (1973) based on anatomical considerations also 
provided estimations of shear force envelopes which were similar to corres­
ponding BM volume displacement envelopes.
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Different hypotheses, based on observation of fluid streaming between 
the tectorial membrane and the reticular lamina, have been proposed (STEELE, 
1973? HELLE, 19745 ZWICKEB, 1974)» These authors have observed, in cochlear 
models, localized changes in the gap dimensions, (in particular a gap closure) 
between the tectorial membrane and the reticular lamina which could give 
rise to localized fluid streaming across the reticular lamina. Clearly the 
free standing stereocilia of the IHCs (HOSHINO, 19775 LIM, 1977) would be 
most likely to be stimulated by such a fluid flow, although the short stereo- 
cilia of the OHCs which are not embedded into the tectorial membrane (KIMUBA, 
1966) could perhaps be displaced depending on the elasticity of the fibrils 
which connect the OHC stereocilia together (FLOCK, 1977)* Even without • 
considering fluid flow across the reticular lamina, the observed gap closure 
could be important as a mechanism to stimulate hair cells directly over a 
more restricted cochlear region than the overall displacement of the BM. Thus 
WILSON (comment on ZWICKER, 1974) speculated that perhaps the closure of the 
gap could cause a direct coupling of the tectorial membrane with the stereo- 
cilia of the IHCs, and if this coincided with a maximum shear motion it could 
provide maximal hair cell excitation compared with hair cells in neighbouring 
positions.
There are also theories which involve some filtering at the hair cell 
transduction stage. Hair cells have a directional sensitivity (LOWENSTEIN & 
WERSALL, 19595 B^KESY, I960} FLOCK, 1965) with the hair cell responding 
maximally to stereocilia displacement in the direction of the basal body.
The effectiveness of stimulation decreases with a change in the direction of 
the displacement of the stereocilia, approximately as a cosine function 
(FLOCK, 197l)* DUIFHUIS (1974) has proposed that a combination of this 
directional sensitivity with a directional distribution of vibration as a 
function of place (such as radial shear, described above e.g BEKESY, 1953) 
could produce a filter. DUIFHUIS suggested that this could be an adequate 
second filter.
Unfortunately» it is almost impossible to test whether the above cited 
models involving mechanical filtering actually occur in the cochlea, because 
direct measurement of vibration in the region of the tectorial membrane is 
difficult. Furthermore, the essential stimulus could be very small compared 
with the overall amplitude of vibration of the BM which we know to be broadly 
tuned.
Some theories of the cochlear filtering mechanism subsequent to broad 
BM tuning involve a neural mechanism. Lateral inhibition has been suggested 
(BEKESY, I960} FURMAN <x FRISHKOPF, 1964), however there is no evidence for a 
suitable innervation pattern and there is physiological evidence against such
a mechanism (EVANS &WILSON, 1973). Other theories of filtering involving
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neural organisation attempt to incorporate the known innervation patterns 
of the inner and outer hair cells. These will be considered in section 
1.3e after reviewing the available evidence indicating the respective roles 
of the inner and outer hair cell populations in normal cochlear function.
1.3d. THE ROLES OF THE W E B  AND OUTER HAIR CELL POPULATIONS..
Because the majority of cochlear afferent fibres innervate the IHCs, 
the majority of cochlear nerve fibre recordings (e.g.FTCs such as shown in 
fig. l.l) are likely to have been made from fibres which originated from the 
IHCs. Indeed because there is no histological evidence for two populations 
of fibres in the auditory nerve (based on axon size) from either light micro­
scopic (GACEK ds RASMUSSEN 1961) or EM examination (HALL & RUNNING-ABN3SEN 
1974), it is possible that only axons of inner radial fibres are present in 
the nerve and that all recordings have been from these. Although rates of 
spontaneous activity and (within limits) the minimum thresholds and tuning 
of cochlear fibres vary9 from fibre to fibre in the same animal, at similar 
CFs, there is little direct evidence to indicate two separate populations 
(e.g.KIANG et al. 1965} KIANO, 1968} EVANS, 1972). High threshold and 
broadly tuned fibres have been recorded in animals with othe rwise normal, 
low threshold and sharply tuned fibres (EVANS, 1972) but such fibres are 
relatively veiy few in number. Some evidence however, has been proposed in 
favour of two populations, PFEIFFER « KIM (1972) for example, found two 
populations (in the ratio of 93*7) in terms of the change in the number of 
peaks in post-stimulus time histograms (PSTH) to click stimulation at increa­
sing intensity. However, these observations were only based on fibres with 
low CFs(below 2 kHz) and cannot be considered to represent the whole cochlear 
fibre population. These authors also suggested that as the physiological 
state of their preparation was not adequately monitored, there was a "remote 
possibilty that the atypical population 11 response patterns(7$) merely 
reflected physiological variances”. However, against this possibility is 
the fact that they often found type 1 & type 11 fibres in the same animal 
and at the same CF, and furthermore there was no indication of the two fibre 
types having significantly different minimum thresholds.
Other evidence for two discrete populations of cochlear afferent fibres 
has come from RQMAHN (1976) who claimed that 7$ of afferent fibres responded 
best to a stimulus designed to produce a significant radial shearing motion. 
These 7/& did n0't however show peculiarities of click PSTH. NQMOTG (1977) 
has also claimed to find, in the monkey, two populations of cochlear fibres
9 EVANSini972)tiir8Sh0ldS °nly Vaiy Within -*0 dB e.g. (KIANG, 2^68j
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based on their tuning properties. He regards these populations as reflecting 
the responses of inner and outer hair cell groups. However, it is possible 
that the two populations he found could be simply a result of pooling his 
fibre data across frequency) the differences in tuning seem to reflect the 
differences in tuning between high CF and low CF fibre responses. In any 
case, the ratio of the two populations he finds, 2il, does not fit with the 
9»1 ratio between inner radial fibres and outer spiral fibres.
If, as seems likely, most cochlear fibre recordings have been made from 
fibres innervating the IHCs, then with regard to the contribution of the hair 
cells to those responses at least two alternatives are possible! either the 
inner hair cell population alone is responsible for low thresholds and sharp 
tuning found in most recordings (and that the outer hair cell population exists 
for a different function), or that the OHCs are involved and influence the 
IHCs or inner radial fibres to produce the typical responses of the auditory 
nerve.
There is some evidence which indicates that the OHCs may be responsible 
the transduction of low intensity sounds and this evidence thus favours the 
second of the above alternatives, . that the OHCs in some way influence the 
IHCs or the inner radial fibres. Some of this evidence is now reviewed) 
most of it is indirect and circumstantial and some of it is very tenuous and 
should thus be considered with caution.
It is possible that the OHCs have a mechanical advantage with regard to 
EM movement; they are more distant than the IECs from the attachment of the 
BM to the inner spiral lamina.
The efferent innervation is primarily to the OHCs (KIMURA & WERSALL,
1962) IUILATO, 1964)» Stimulation of the crossed olivo-cochlear bundle (COCB) 
raises the threshold of cochlear fibre responses(e.g.WIEDEEHQLB,1970)
WIEDERHOLD & XIANG, 1970) TEAS et al. 1972). This effect has also been demon­
strated in gross CAP recordings (e.g GALAMBOS, I956) HIEDER & HIEDEB, 1970) 
WIEDEBHOLD & XIANG, 1970). These studies suggest that the threshold shift is 
associated with a change in the response of OHCs. Thus TEAS et al. (1972) 
pointed out that because efferent COCB stimulation has its major effect at 
the OHCs, but that the afferent fibres which respond to this stimulation
H
mainly innervate the IECs, then the initial stimulating events for nerve 
fibres at the IHCs must he closely coupled to those at the OHCs)' However, 
although some studies have indicated that the fibres of the COCB lead 
exclusively to the OHCs (e.g by IURATO, in the rat, 1964), it has been shown 
more recently by SPOEHDLIN (1970) in the cat that some 20fo of efferents from 
the COCB terminate at the IHC afferent synapse. Therefore it cannot be
argued with certainty that the effects of the COCB stimulation are mediated 
hy OHCs only.
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The first effects of noise overstimulation tend to be at the OHC 
level, e.g.DAVIS et al. 19375 SCHUKNECHT, 19535 BEAGLEY, 1965$ ENGGTROM 
et al. 1966; SPOENDLIN, 1970, ELDREDGE et al. 1973 (hair cell loss) NEUBERT 
& WUSTENFELD, 1955; BRUNS, I976 (hair cell nuclear swelling). Of course, 
the susceptibility of a hair cell to acoustic overstimulation does not 
necessarily indicate its threshold sensitivity.
Further evidence for the OHCs having low thresholds comes from numerous 
studies on the effects of OHC damage or loss on thresholds, both behavioural 
and electrophysiological. Many of these studies used ototoxic aminoglycosides 
as a tool for producing the OHC damage. Thus, in the chinchilla, RYAN &
DALLOS (l9/'4; DALLOS Sc RYAN, 1975) used kananycin to produce selective OHC 
loss and measured the behavioural thresholds. Normal hearing thresholds 
corresponded well with intact cochlear regions, and outer hair cell loss 
resulted in threshold shifts of 30-50 dB.
A most comprehensive correlated study of the behavioural audiogram 
and cochlear pathology due to ototoxic antibiotics has been carried out in 
the GP by YLIKOSKI (1974). Kanamycin, gentamicin & neotqycin were used to 
produce hair cell degeneration. Forty two individual experiments were carried 
out and by pooling data from animals with similar hearing losses, an extremely 
good correlation between OHC loss and threshold shift was found. "Slight
hearing loss was related to moderate loss of OHCs..............  The absence
of the first row of OHCs was related to a hearing loss of 18 dB, when two 
inner rows of OHCs were missing, hearing deteriorated by 38 dB, and when all 
OHC. had degenerated but IHCa .ere essentially intact, the accompanying hearing 
lose .as 42 dB, When nearly all hair cells .ere absent hearing less .as 80 dB.“ 
These studies argue in favour of the idea that OHCs are involved in the detect­
ion of low intensity signals, although the assumptions concerning IHC function 
, (section 1.4d) have to be borne in mind. In this regard, the good correlation 
between normal hearing thresholds and the presence of undamaged organ of Corti 
despite,presumably, sub-critical exposure of the hair cells to kanamycin is 
evidence for supposing that hair cells which resist degeneration are function- 
ally normal.
Some evidence contrary to the idea that the OHCe are essential in low 
intensity sound detection should be cited here. WARD St DUVALL (1971, 1972) 
found normal behavioural audiograme for chinchillas, at all frequencies, 
despite complete loss of OHCs in the first one and a half turns of the cochlea 
caused by 15 min. exposure to noise at 123 dB SPL. They therefore conclude 
that IHCs alone may be sufficient to provide normal sensitivity. Similarly, 
HENDERSON et al. (1974) found behavioural thresholds in chinchilla which 
returned to normal levels after an initial temporary threshold shift caused 
by exposure to impulse noise. Histological examination of the cochleas
revealed almost total OIIC loss (IIICb intact). However, the CEO damage was 
not total, and a few residual OHCs could have been sufficient to provide 
normal behavioral thresholds.■ This possibility does not apply to the study 
of WARD & DUVALL in which it was claimed that there was total OHC loss 
over extensive regions of the cochlea. It may be significant 
however that WARD has also reported ( communication to the 
authors of EREDBERG «Sc HUNTER-DUVAR,1975) that one chinchilla with total hair 
cell loss (OHCs dc IHCs) aiso exibited normal behavioural thresholds at the 
corresponding frequencies I It is also worth noting that WARD «Sc DUVALL'S 
findings have not been confirmed by a repetition of the experiments by other 
workers . (HUNTER-DUVAR & BHEDBUBO, 1974.). In any case it is difficult to 
reconcile the above mentioned findings with other behavioural studies on 
hearing loss after noise exposure which showed a good correspondence between 
threshold elevation and OHC loss (e.g.ELLIOTT McGEE, 19675 CLARK et al.
1974} DOLAN et al. 1975} HAWKINS et al. 1976).
There ere many elactrophysiolotfral studies in which. CAP- thresholds were 
found to be elevated after OHC loss caused by aminoglycoside poisoning.
E.g. DAVIS et al. (1958} using streptomycin) and DALLOS ahd his co-workers 
(DALLOS et al. 1972} DALLOS, 1973} DALLOS <$e WANG, 1974} DALLOS ¿c CHEATHAM, I976) 
have found that CAP threshold resp«xnses were elevated as a result of OHC loss.
DALLOS WANG (1974) found a shift of 3O-4O aB in a cochlea with extensive 
total OHC loss.
In cochlear fibre studies in kanaoycin treated cats, the data of KIANG 
et al. (1970) indicated a 40-50 dB elevation of the minimum thresholds of 
cochlear fibres which may have innervated cochlear regions of OHC loss. Figure
1.5 shows the results from one animal in that study. A similar finding with 
regard to minimum threshold elevation is implicit in a more recent study by 
DALLOS et al.(l977) in kanamycin treated chinchillas.
In contrast' to the above is a study by ROliAHN (1974} RONAHN & EOERGER• 1977) 
in which it is claimed that some cochlear fibres from regions of total OHC 
damage have normal minimum thresholds. This claim will be fully discussed in 
section 7*0*
Although not entirely unequivocal, much evidence supports the view that 
th. OHCs are essential fur the detection of low Intensity sounds. How then do 
afferent cochlear fibres, most of which innervate the U K  a dive low threshold
responses?
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1.3e INTERACTION BB7AEBN INNER AND CUTER HAIR CELL SYSTEM
It has been suggested that perhaps there is an interaction between afferent 
iibres of the GHus and .IHCs. However, as mentioned in section 1.2, there is 
no evidence of a synaptic region between inner radial and outer spiral fibres.
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FREQUENCY IN kHz
HAIR CELL LOSS < 1 0 7 , (NORMAL) 10 7. -  9 0 %
u n c a  > 9 0  7.
r r e r e  UNDETERMINED
FIGURE 1.5 (from KIANG et al. 197G). Frequency threshold curves (FTCs)
and histograms of fibre discharge rate against stimulus inten­
sity for 8 cochlear fibres in a kanamycin treated cat. The 
shape of the FTCs denoted by the solid lines resemble those of 
normal cats; the curves denoted by the dotted lines are abnormal. 
The extent of the cochlear lesion produced by kanamycin pois­
oning is represented in the cochleogram at the bottom of the 
figux-e.
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The two types of fibres do, however, run close together (while both are 
unmyelinated) in the habenula perforata, and this has been suggested as a 
possible site for electrical interaction (e.g.SMITH & DEMPSEY, 1957} SPOENDLIN, 
1966, 1970> 1973, 1974? LYOT & SAYERS, 1970} ARTHUR et al. 1971} EVANS, 1974c, 
1975a>b,c} NIEDER, private, publication 1974).
SPOENDLIN (1970) drew attention to the change in calibre of all afferents 
as they passed through the habenula and the possible functional importance of 
the associated change in axon membrane capacitance as the site of action 
potential initiation. He suggested that potentials (electrotonically prop­
agated) from a few outer spiral fibres and many inner radial fibres could 
summate at this initial segment to trigger action potentials.
LYNN ¿c SAYERS (1970) proposed a model10which involved a neural interaction 
at the habenula perforata based on signal propagation in the outer spiral 
fibres by electrotonic spread. They do not, however, rule out the possibility 
of action potential propagation. Indeed if such a neural interaction exists 
at all, action potential propagation would seem more realistic, because the 
small diameter of these fibres (0.5 f^SPOENDLIli, 1970) gives an estimated 
space constant'Wch is rather small compared to the total length of the outer 
spiral fibre. (EVANS, in a comment on SPOENDLIN (1973) puts its value at 
approximately 10 urn). The speed of action potential propagation in a 0 .5 ^  
diam. outer spiral fibre could be well over 1.5 m/s 12(RUSHT0N, 1951), giving 
a propagation time for a 0.5 mm outer spiral fibre of approximately 0.3 ms.
If this is added to a synaptic delay time of 0.5 ms (the hair cell synapse) 
it is not incompatible with the minimum neural latency values of c. 1 ms 
(KIANG et al. 19^5} ANDERSON et al. I97I} EVANS, 1972). NIEDER (1974} con­
sidered the possibility of action potentials propagated along outer spiral 
fibres. He suggested that the constriction at the habenular opening constitutes 
a high resistance to the conductive path outside each fibre} generator potentials 
on inner radial fibres are therefore blocked until an action potential along 
a spiral fibre causes a drop in fibre membrane resistance and a return pathway 
is provided for the afferent fibre dendritic currents.
10 This model was an attempt to account for the shift towards shorter 
latencies of the centre of gravity of peaks in the click evoked PSTH, 
as click intensity was increased. This however, may be more satisfactorily 
accounted for in a model (DUIFHUIS, 1972) in which the response time of 
the cochlear filter is reduced as a result of reduced "Q" (sharpness of 
tuning) at high stimulus levels.
l* The length over which voltage across an axon membrane falls to i of its 
original value. e
12 It is worth noting that the speed of propagation of action potentials in 
such umnyelinated fibres is likely to be faster than in a myelinated 
fibre of the same dimensions (RUSHTON, 1951).
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EVANS (1974b, 1975a,b,c) has suggested that the FTC may be generated by 
two processes related to the inner and outer hair cells such that the OHCs 
may be responsible for the low threshold, sharply tuned segment of the FTC, 
and the IHCs the more broadly tuned, high threshold 'tail' segment of the 
FTC. He has suggested that action potentials propagated along outer spiral 
fibres could interfere with or initiate discharges in the initial segment of 
the inner radial fibres where they run closely together (in the habenula 
perforata).
Another type of neural interaction between the outputs of the inner and 
outer hair cells has been proposed by ZWISLOCKI ( 1974» 1977» ZWISLOCKI .
& SOKOLICH, 1974)» This model is based on contributions from the inner and 
outer hair cells whose differences in sensitivity are within about 10 dB and 
which are both relatively sharply tuned. The tuning of the contributions 
supposedly reflects BM mechanical tuning. However, the BM tuning data chosen 
for the model is that of BHODE (1971) which is anomalous compared with other 
BM tuning measurements (e.g.JOHNSTONE et al. 1970} WILSON ¿c JOHNSTONE 1972,
1975). In any case, the model requires an inhibition (explicitly synaptic) of 
the output from the IHCs by the OHCs. Unfortunately no suitable synapses 
seem to exist.
An interaction between inner and outer hair cells mediated neurally is 
only one possible mode of interaction. Direct electrical interaction i.e.
IHCs being sensitive to potentials generated by the OHCs has been suggested 
(e.g.GEISLEB, 1974} EVANS, 1975&} DALLOS & CHEATHAM, 1976) and models have 
been proposed on these lines for a cochlear filtering mechanism (MANLEY,
1977} DALLOS & HARBIS, 1977)» It will be appropriate to consider these 
models more fully in the discussion chapter 7 .0.
1 .4 THE OTOTOXIC ANTIBIOTIC KANAMYCIN.
Kanamycin, an aminoglycoside antibiotic, was the experimental tool used 
in this study to selectively destroy regions of OHCs, leaving IHCs in those 
regions apparently intact. In the following sections (l.4a & b) a brief
review of its ototoxicity is presented, including the’pattern of hair cell 
damage it causes.
Section 1.4c considers the important question of whether the hair cells 
remaining in the cochlea after kanamycin poisoning are normal.
1,4a THE OTOTOXIC EFFECTS OF KANAMYCIN.
The most ototoxic antibiotics are those of the aminoglycoside group 
and include streptomycin, kananycin, gentamicin and others which are closely
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related in their pharmacology and toxicity.
Since the first reports in 19-45 (HINSHAW & FELDMAN) on the ototoxic 
side effects of streptomycin, there has been extensive documentation on how 
the vestibular and auditory system is affected by streptomycin and subseq­
uently discovered aminoglycosides. Kanamycin, the ototoxic antibiotic used 
in the present study, was first isolated by UMEZAWA (1958) and its deleterious 
side-effect on hearing was soon recognized (FROST et al. 1958} LUSTBERG & 
HAM3ERGER, 1959} NAUTON & WARD, 1959} BENITEZ et al. 1962). Most of these 
clinical reports were of tuberculosis patients to whom kanamycin was admin­
istered. Hearing losses were reported ranging from slight high frequency loss 
to total deafness. The losses in both ears were usually symmetrical. Loudness 
recruitment was found sometimes (SATALGFF et al. .1964) but not always 
(HAWKINS, 1959)» Histological examinations were possible in some instances 
(BENITEZ et al. 1964} JORGENSEN & SCHMIDT, 1962} LOWRY et al. 1973) and these 
demonstrated that the greatest damage was in the outer hair cells in the basal 
turn of the cochlea.
1.4b THE PATTERN OF HAIR CELL DEGENERATION.
The sequence of degeneration of cochlear structures caused by kanaraycin 
in experimental animals soon became established. HAWKINS (1959) was one of 
the first to demonstrate the greater vulnerability of the OHCs in the basal 
region (in cat and GP). The observations on the effects of kanamycin were 
very similar to those already found for streptomycin poisoning (e.g.DAVIS et 
al. 1958). WARD & FERNANDEZ (l96l), MESOLELLA & COSTA (i960), BECK & KRAHL 
(1962)»ARDOUEN et al. (1963)» FARKASHIDY et al.(l963) made similar histological 
findings which were extended by HAWKINS & ENGSTROM, (1964), KOHONEN, (1965) 
and ENGSTROM et al. (1966) using the surface preparation technique13 4to map out 
the pattern of hair cell degeneration. These studies using the surface prep­
aration technique demonstrated its usefulness, particularly its advantages 
over cochlear sectioning methods, although these authors did not extend its 
use beyond taking small samples from each cochlear turn. YLIKOSKI (1974) and 
DALLOS & WANG (1974) used the surface preparation technique to survey the 
whole length of the organ of Corti, and graphically represented the total patt-
13 Loudness recruitment is an abnormally rapid increase in the loudness 
sensation with increase in intensity of an acoustic stimulus.
14 The surface preparation is a histological technique involving microscopic 
examination of the surface of the organ of Corti (after removal of the 
tectorial membrane). It was first used by REIZIUS in the 1880's but
has only recently gained popularity as a method of assessing cochlear 
damage, (see section 2.8).
- 24 -
ern of hair cell degeneration in the form of a cochleogram (see section 2.8). 
Figure 1.6 (from DALLOS & WANG 1974) illustrates twelve such cochleograms 
from kanamycin treated GPs with different degrees of hair cell loss. These 
animals were all given a similar regime of kanamycin treatment (400 mg/kg/day 
for 8-14 clays» by subcutaneous injection). The cochleograms in figure 1.6 
are arranged to illustrate the sequence which hair cell degeneration follows» 
OHCs at the basal end of the cochlea degenerate first. OHC degeneration 
progresses apically and it becomes clear that the first row of OHCs is most 
affected (e.g. 19®> 32L & 13L of figure 1.6). In many instances, complete 
OHC degeneration has occurred in the basal turn, with little or no IHC degen­
eration. The OHC degeneration continues, especially in row 1 OHCs, and then 
IHCs at the apex of the cochlea begin to degenerate. A severe ototoxic insult 
with kanamycin can result in total degeneration of the sensory epithelium.
In any restricted area, sensory cell degeneration precedes that of other, non 
sensory, structures.
1 .4c ARE IHCs NORMAL AFTER OHC LOSS?
In the present study, the adopted criterion for hair cell damage was the 
presence or absence of cells; mapping out the pattern of cochlear damage by 
counting the hair cells present or lost was a relatively simple task. To use 
any criterion of partial hair cell damage "would have been difficult with, light 
microscopy. However the possibility exists that hair cells which remain in 
the cochlea after kanamycin poisoning may look normal (especially under light 
microscopy), but be partially damaged and functionally abnormal. This point 
is underlined by a number of biochemical studies on the cochlea immediately 
after aminoglycoside adminstration which reveal functional, metabolic abnor­
malities despite normal appearance, e.g. a decrease in succinic dehydrogenase 
activity (KOIDE et al. 196 } GOZDZIK-ZOLNIERKIEWICZ, 1969? KAKU et al. 1973) 
and a decrease in the uptake of hemicholinium 3 by hair cells (GUTH et al. 
1974).
In this present study, and others (e.g DALLOS & WANG, 1974) a period of 
2-8 weeks was allowed to elapse after the last injection of kanamycin before 
electrophysiological recording experiments were carried out. The recovery 
period was probably long enough to allow kananyrcin to be cleared completely 
from the cochlea. Twenty-four hours after a single kanamycin treatment, its 
concentration in the inner ear fluid of the GP has usually fallen to about 
10$ of the maximum concentration reached (VOLDRICH, 1965} WATANABE et al.
* r
1971» STUPP et al. 1973). A similar pattern was observed with related amino­
glycoside antibiotics (streptoiqycin in cat: VRABEC et al. 1965} in man:
MEYER ZUM GOTTESBURGE & STUPP, 19695 gentamicin in GP: QUANTE et al. 1974)•
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demonstrate various degrees of sensory cell lots [from Wano, 1972J.
FIGURE 1.6 (from DiiLLOS cc WANG, 19/4). Cochleograms showing the pattern 
of hair cell degeneration in 12 kanamycin poisoned GP cochleas, 
arranged to demonstrate increasing degrees of hair cell loss. 
Each cochleogram indicates the hair cells remaining in each row 
at all positions along the cochlear length. The kananqycin dose 
regime was 400 mg/Kg/day for 8-10 days, by subcutaneous inject­
ion.
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In a study by BALOGH et al. (1970) on the clearance of dihydro-streptomycin 
from GP cochlea there was no demonstrable antibiotic remaining after seven 
days.
The recovery period is important in that it possibly allows viable 
hair cells to recover. Furthermore the EM studies of YLIKOSKI (1974) 
showed that after a waiting period (4 weeks), the IHCs were well preserved in 
areas where OHCs had completely disappeared, and had very few ultrastructural 
changes. The afferent nerve endings to such IHCs, as well as the spiral 
ganglion cells were also of normal appearance. This is often not the case 
immediately after kanamycin treatment. Under such circumstances, HAWKINS 
(1977) found changes in the stereocilia the cytoplasmic organelles of IHCs. 
YLIKOSKI (1974) found swollen afferent nerve endings similar to those seen 
in noise exposure and ischemia (BEAGLEY, 1965} SPOENDLIN, 1969» 1971)*
However, even shortly after kanamycin treatment, LUNDQUIST & WERSTlL (1966) 
found few abnormalities in cells . remaining ("IHCs retained their normal
shape although lamellated bodies replace some mitochondria") and where hair 
cells remained there were no changes noted in afferent or efferent nerve 
endings.
Thus, the histological studies suggest that providing a recovery period 
is allowed after kanamycin treatment, the IHCs which remain after OHC loss 
appear normal.» This cannot of course be held to reflect a functional normal­
ity of the IHCs but it makes it easier to assume that they are. This assum­
ption will be further discussed (chapter 7 «0) in the light of the results from 
the present study.
The following chapters of this dissertation are arranged as follows»
Chapter 2 describes the experimental methods. Chapters3,4 &  5 contain 
the results of this study; chapter 3, the histological observations on the 
effects of kanamycin poisoning on GP cochleas, chapter 4, the single cochlear 
fibre responses in the kanamycin treated animals, and chapter 5,the results of 
investigations on the cochlear action potentials (CAP)of these animals. 
Chapters 6,7 & 8 contain discussion of the results from chapters 3,4 & 5
respectively. '
Some preliminary findings from this study are reported in EVANS & 
HARRISON, 1976. A more detailed account has been published in HARRISON ¿c 
EVANS, 2977-
CHAPTER 2
METHODS.
2.1.
2.2.
2.3.
2.4«
2.5.
2.6.
2.?a. 
2.7*. 
2.8.
GENERAL.
THE USE OP KANAMYCIN TO PRODUCE HAIR CELL DEGENERATION.
ANAESTHETIC TECHNIQUE.
THE SURGICAL PREPARATION OF THE ANIMAL AND THE ELECTROPHYSIOLOGICAL RECORDING TECHNIQUES.
THE SOUND SYSTEM.
THE RECORDING SYSTEM.
GROSS COCHLEAR ACTION POTENTIAL RECORDING PROCEDURES.
SINGLE COCHLEAR NERVE FIBRE RESPONSE RECORDING PROCEDURES.
HISTOLOGICAL EXAMINATION OF HAIR CELL DEGENERATION} THE SURFACE 
PREPARATION TECHNIQUE.
2.9- THE COCHLEAR FREQUENCY MAP.
2.1 GENERAL.
A total of 65 pigmented GPs were used in the main part of this study, 
of which 15 served as normal controls’. The guinea pig (GP), Cavia cobay a, was 
chosen as the experimental animal for a number of reasons!
a) . It was desired to produce larae regions of OHC degeneration 
leaving IHCs in such regions intact. The available evidence suggested that 
this could be achieved in the GP (HAWKINS * ENGSTROM, 1964, KOHOUEli, 1965, 
ENGSTROU et al. 1966; DALLOS ¿c WANG, 1974; YLIKOSKI, 1974).
b) . To map out the exact pattern of hair cell degeneration in each 
cochlea, surface preparation techniques were employed. The GP cochlea, ' 
standing proud from the otic capsule into the bulla cavity (see figure 2.6), 
lends itself well to the microdissection involved in removing the organ of 
Corti (ENGSTROa et al. 1966).
c) . A directly measured cochlear frequency map existed for the GP 
(WILSON <x JOHNSTONE, 1972) .
The stages of the experimental procedure are outlined below, and the 
following sections of this chapter describe in detail the experimental tech­
niques of each stage.
Kanamycin (4OO mg/kg/day) was administered to GPs by subcutaneous 
injection for 8-10 days. At least two weeks elapsed after the final injection 
before each animal was used in an acute electrophysiological experiment.
(Section 2.2).
Ths OP was anaesthetized with a neurolept-anaeethetie technique. (Sec- 
tion 2.3).
Standard surgical preparation and micro-electrode recording techniques 
were employed to record from single cochlear nerve fibres. Gross recording of 
oochlear action potentials (CAP) was also carried out at an early stage of each 
experiment. (Sections2.4&2. f).
Within minutes of the end of the physiological recording, the cochleas 
were fixed and subsequently examined histologically by light microscopy using 
the surface preparation technique. The pattern of hair cell degeneration was 
ascertained for the whole length of the organ of Corti, and recorded in the form 
of a cochleogram. Por comparison of the pattern of hair cell degeneration with 
the electrophysiological data, the cochleogram was scaled to match frequency 
abscissa of such data using a cochlear frequency map. (Section 2.8).
A further 48 animals were used in preliminary gentamicin and kanamycin 
tests to find an optimum dose regime for producing the required pattern 
. of degeneration. *
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2.2 THE USB OF KANAMYCIN TO PRODUCE HAIR CELL DEGENERATION.
2Healthy, young, pigmented guinea pigs weighing 15G-4QOg were used. All 
had a strong Preyers reflex and precautions were taken to ensure that incidence 
of middle ear infection was low.2 3
A kanamcyin4dosage of 400rng/kg/day was adopted (after HAWKINS & ENGSTROM, 
1964) and daily subcutaneous injections for 8-10 days were administered.
HALLOS ¿s WANG (1974) tad already proved this dosage regime to be optimal in 
producing OHC . loss 5 in the first two cochlear turns. The injection site 
was varied daily to maximise drug absorption, and the guinea pigs were weighed 
daily for calculation of dosage. Typically, a reduction in weight occurred 
during the kanamycin administration period, and some workers have drawn atten­
tion to this (e.g.LUNDÇUIST & WERSALL, 1966) ARAN & DARRQUZET, 1975)* In the 
present study the weight loss seemed related to the age of the animal, so that 
young, rapidly growing GPs usually suffered only reduction in growth rate while 
older animals (i.e.almost fully grown) often had severe weight reduction, as 
did very young animals in poor condition. Loss in weight, or reduction in 
growth usually stopped soon after kanamycin treatment was finished. However, 
if the loss in weight was severe, it sometimes continued after the treatment 
period and eventually caused the death of the animal. If this trend was evid­
ent, kanamycin treatment was ended. During the period of low growth rate, 
the animals often did not eat solid food; vitamin supplement was added to their 
drinking water in these circumstances.
There was no relationship found between weight changes during kanamycin 
administration and the amount of damage to hair cells.
During kanamycin treatment, the Preyers reflex6of each GP was tested daily.
2 Pigmented animals were used because preliminary trials with albino GPs 
indicated that albinos were more resistant to the ototoxic effects of 
kanamycin (see section 3.2). Pigmented animals also have a dark stria 
vascularis which makes the location of cochlear turns easier during 
microdissection of the cochlea.
3 This requirement eventually led to a breeding programme to prevent the 
introduction of middle ear disease from foreign stock.
4 Kanamycin produced by WINTHROP (trade name 'Kannasyn') and Kanamycin from 
BRISTOL laboratories (trade name 'Kantrex') were used.
5 Unless otherwise stated, "CHC loss" refers to the selective loss of OHCs, 
i.e.with IHCs in such areas remaining apparently intact.
6 The Preyers reflex (or pinna reflex) can give only an approximate indic­
ation of changes in hearing threshold. In some instances, for example, 
the reflex can remain unchanged despite extensive high frequency hearing 
losses (ANDERSON & Y.EDENBURG, I965) .
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The reflex was usually lost after a few days of treatment. If however, the 
reflex had not been reduced after eight days, the administration of kanamycin 
was continued until the reflex deteriorated.
The level of ambient noise in the animal house was low. It is relevant 
to mention this as there is evidence to suggest that the ototoxic effects of 
kanamycin is potentiated by noise (DAYAL et al. 1971J KBOCHJ£ALSXA, 1974; DAYAL 
¿e BAREK, 1975)» and so noise levels during kanamycin intoxication may be an 
important characteristic of the regime used.
After the kanamycin administration,a period of 2-8 weeks was allowed to 
elapse before electrophysiological recording experiments were carried out. This 
allowed the GP to recover from the ill effects of any weight loss which may 
have occurred during kanamycin treatment. More importantly, it is unlikely at 
this stage that any kanamycin would remain in the cochlea (VOLDRICH, 1960;^' 
BALOGH et al. 1970) and the waiting period would also allow damaged sensory 
cells to degenerate fully, and possibly allow for the recovery of cells only 
slightly affected. At this stage the critical assumption is being made that 
hair cells remaining in the cochlea (and of normal microscopic appearance) are 
functionally normal (see section 1.3c), After the electrophysiological recor­
dings were made, the hair cell degeneration was ascertained and the pattern of 
hair cell loss was recorded in the form of a cochleogram (see section 2.8).
The hair cell degeneration patterns obtained with the kanamycin dosage regime 
described above are presented in the results section (3*l).
Before the adoption of kanamycin treatment of pigmented animals as the 
best method of producing selective OHC loss, a number of preliminary histol­
ogical studies on kanamycin treated albino GPs, had been carried out. The 
results of these histological examinations are noted in the results section 
(3.2). It was as a result of these pilot studies that pigmented GPs were used 
in prefarence to albino animals.
2.3 ANAESTHETIC TECHNIQUE.
It is often difficult to maintain the GP under stable anaesthesia (e.g. 
CANKELL, 1972} ROESSLER, 1974} GREEN, 1975)* The animal is prone to early 
respiratory depression, which often precedes a level of analgesia sufficient 
for surgery. This is -especially a problem with commonly used barbiturate 
anaesthetics such as sodium pentobarbitone. Early cardiovascular depression 
is also a problem, again especially with barbiturates, making it difficult to 
maintain a relatively high mean systemic blood pressure (greater than 5° 1111 
Hg) which is essential for normal codhlear function (EVANS 1972).
Because of the unsatisfactory nature of most GP anaesthetic techniques,
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experimental trials were carried out in conjunction with Dr. E.F. EVANS, to 
evaluate a number of anaesthetics which could prove more satisfactory'.
These were s
a) . Sodium thiopentone (Pentothai).
b) . Chloralose/urethane mixture.
c) . Ketamine.
d) . Neuroleptanaesthesia.
The results of these trials, in brief, were*
a) . Two trials were performed with sodium thiopentone using an induction 
dosage of 30 mg/kg intraperitoneally (i.P). In the first trial, this induction 
dose was administered four times over a period of two hours with little pro­
gress towards an anaesthetic state suitable for surgery. In the second trial, 
this induction dosage was given six times over a one hour period, but respir­
atory depression occurred before adequate surgical analgesia was produced.
b) . One trial was performed with a chloralose/urethane mixture (20 mg/kg 
and 0.25 g/kg respectively, I.I’)» Repeated doses at short intervals were 
required to achieve adequate analgesia. Although 9arly respiratory depression 
did not occur, the subsequent mean systemic blcoa pressure of the GP was cont­
inuously low (50-60 mm Hg).
c) . Three trials were performed with ketamine (44 tig/kg, I.P). Addit­
ional pentobarbitone was always required to produce surgical analgesia. A 
short acting anaesthetic such as ketamine may have been more effective admini­
stered intramuscularly but for a small animal such as the GP, this is too 
traumatic to be an acceptable routine practice.
d) . A neuroieptanaesthetic technique for tbo G? (devised and documented 
by EVANS, 197Sa) was evaluated and used for all the experiments described in 
this dissertation. It is based on combining neuroleptanalgesia agents, 
which alone produce (in man; tranquillibation and total analgesia, with an 
hypnotic agent to produce unconsciousness, the technique is thus termed 
neuroleptanaesthesia.
Neuroleptanalgesia alone has been in veterinary use for many species 
including GP (GREEN, 1*975) 1 The experimental investigations of the present 
study required the GP to be unconscious, and so minimal doses of barbiturate 
were administered to produce hypnosis, The protocol was as follows:
The GP was fasted for 12 hours (water allowed). Atropine sulphate (l mg) 
was given subcutaneously, followed by an injection of sodium pentobarbitone7 
(30 rng/kg I.P). This is half the induction dose normally recommended for full
7 Freshly made up soaium pentobarbitone (3oC mg in 5 ral) was used rather 
than veterinary solutions because of the possible long term toxic effects 
of the preservatives (alcohol and propyleno glycol) used in the latter.
The dosages described are for this freshly made up sodium pentobarbitone 
solution vynicii is less potent than veterinary solutions (e._. veterinary 
Nembutal; noLot Labs Ltd).
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anaesthesia, and after 10-15 minutes it produced hypnosis characterised by 
a complete loss of muscle tone (and total recumbency). The GP still reacted 
vigorously to mildly painful stimulation. A neuroleptanalgesic combination 
was then administered I.P; droperidol8 *10(4 mg/kg) was the tranquillizing neuro­
leptic used, and phenoperidine (l mg/kg) was the analgesic component. Pheno- 
peridine was preferred to fentanyl (as in veterinary use, GREEN, 1975) because 
it had a longer lasting effect.
Analgesia developed over approximately 15 minutes and was then usually 
sufficient for surgery. For more immediate analgesia, intravenous (i.V.) 
injection of phenoperidine alone was administered1.0 If this failed or was not 
possible, and the GP was partially analgesic, intramuscular (i.M.) adminis­
tration of phenoperidine gave total analgesia within a few minutes. Ater the 
initial induction, complete anaesthesia was. maintained for about lg- hours. 
Subsequent maintenance doses of phenoperidine (l mg/kg) were given hourly, via 
a cannulated jugular vein. The indication for the analgesic was the appearance 
of a withdrawal reflex elicited by pinching a forepaw.. Maintenance of hypnosis 
was by l§-2 hourly I.P. injections of 3-6 mg/kg pentobarbitone. Indications 
were bouts of shivering or sudden elevations of systemic blood pressure and 
heart rate (see section (2.4) for details on systemic blood pressure monitoring). 
The pentobarbitone was always administered I.P. thus ensuring a relatively 
slow uptake into the blood. To encourage even absorption, the pentobarbitone 
dose was made up to 1 ml in physiological saline. Any cardiovascular depres­
sion, which could sometimes occur with considerable delay (10 mins) after I.P. 
administration, was countered by I.V. or I.A. administration of 5-10 mg of 
methylamphetamine; such procedures were however rarely necessary.
îhe neuroleptanaesthetic technique which was developed, provided full and 
stable anaesthesia with no respiratory depression; artificai respiration was 
not therefore usually required. Mean arterial blood pressure was maintained at 
a normal 70-90 mm Hg and this was the important advantage that this technique 
offered over most others, especially for physiological studies of the cochlea.
8 Droperidol is available from JANSSEN Pharmaceuticals Ltd., Marlow, 
Buckinghamshire. Trade name 'Droleptan1.
 ^ Phenoperidine is available from JANSSEN Pharmaceuticals Ltd., Marlow, 
Buckinghamshire. Trade name ’Operidine*.
10 The lateral metatarsal vein was most suitable for percutaneous vein
puncture providing there was no skin pigmentation. A xylene rub aided 
the visibility of the vein.
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2.4 THE SURGICAL PREPARATION OF THE ANIMAL AND THE ELECTROPHYSIOLOGICAL 
RECORDING TECHNIQUES.
The techniques differed little from those established and described by 
EVANS (1972).
The anaesthetized animal was maintained at 37°c (rectum) with a therm-
11 12ostatically controlled heating blanket. Tracheostomy allowed artificial 
13ventilation if required, and also allowed continuous monitoring of the concen-
14tration of end-tidal C02* During forced ventilation, this concentration was 
maintained at 4-5/® by adjustment of respiratory pump stroke volume. End-tidal 
CO2 concentration was also monitored during spontaneous respiration, the need 
for artifical respiration was indicated if the concentration of end-tidal CO2 
fell outside normal limits. The right carotid artery was cannulated (l.O mm 
o.d. polythene catheter) allowing continuous monitoring of arterial blood 
pressure!5 This carotid cannula was kept unblocked by continuous infusion of 
sodium citrate solution. Permanent records of blood pressure and end-tidal 
C02 concentration were made on a pen recorder.1^  Mean systemic blood pressure 
was maintained at above 60mm Hg throughout experiments. Peripheral'vasocon­
striction with methoxamine hydrochloride ('vasoxine') was on rare occasions 
necessary, as was me'thylamphetamine for more central cardiovascular depression 
(e.g.bradycardia). The right external jugular vein was cannulated (l.O mm o.d 
polythene catheter) for administration of phenoperidine and other agents as 
necessary.
Both pinnae were reflected, and external auditory meatae were sectioned '
leaving them a few mm in length. The animal was mounted in a stereotaxic 
apparatus'7with hollow perspex earmoulds replacing the standard ear bars. The 
cone shaped ear mould was’tapered to fit into the stump of the external auditory 
meatus, and fashioned distally to mate with the condenser earphone (see fig.
2.2). The ear mould also allowed a probe tube to be introduced and positioned
'' C.F. PALMES Homeothermic Blanket Control 8142.
12 10 mm o.d. infant endotracheal tube, shortened and fitted to lightweight 
polythene 'Y' tube for attachment to respiratory pump.
13 C.F. PALMER small animal pump.
^  BECKMAN LBI CO2 gas analyer.
15 BELL ¿e HOWELL Type 4-442-0001 transducer.
16 GEORGE WASHINGTON 4OO MD/2 pen recorder.
1 7 narishige (ja p a n).
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1 mm from the tympanic membrane, for the purpose of calibrating the sound 
system (see section 2.5)»
The bulla was opened posteriorly and a stainless steal wire electrode
(teflon insulated) was introduced to record cochlear potentials from near the
round window. The bulla was resealed, but vented to the atmosphere with a
nylon tube (0.5mm o.d., 10cm long) thus producing a closed bulla situation,
whilst allowing equilibration of pressure each side of the tympanic membrane (the
Eustachian tube may be. closed). . For the intercranial recording from the
cochlear nerve, a large, bilateral craniotomy was performed over the posterior
fossa. The dura was opened, and the cerebellum and brainstem were deflected
medially with a modified metal spatula mounted on a micromanipulatorl7 To free
the cerebellum for deflection, a small lobe (the paraflocculus) was aspirated.
Constant irrigation with physiological saline prevented any blood accumulating
and clotting around the recording site. During manipulation of the cerebellum
and brainstem, it was important to avoid compression of the internal auditory
artery (labyrinthine artery). The effect of such an occlusion (i.e. cochlear
hypoxia) is reflected in a change of threshold for the round window recorded 
18U-| response to a click stimulus. Thus it was essential to monitor this N'j
response continuously during exposure of the nerve, and electrode placement.
The N-j threshold was also checked periodically throughout experiments to
monitor any possible acute deterioration of cochlear function.
High impedance (30 Milin situ) glass micropipettes were pulled!9and filled
with 3 M KCl. The electrode, mounted on a micro-manipulator,7 was introduced
20under direct vision into the cochlear nerve at its postero-dorsal surface,
close to the internal auditory meatus. The electrode was inclined at 32°-from
the horizontal plane and 15-20°from the saggital plane so that it penetrated
and travelled in the cochlear nerve, along the internal auditory meatus. The
2lrecording site was sometimes stabilized with clear agar, but often this was 
unnecessary. If the site was not stabilized, it was constantly irrigated to 
prevent the possible accumulation of blood and the consequent difficulties for 
further electrode placements. The microelectrode was advanced remotely with a 
hydraulic micro-manipulator. Micrometer readings indicated the depth of the 
electrode in the nerve. The electrode impedance was periodically measured in 
situ by introducing a small constant current pulse to the electrode, creating 
(across the high resistance of. the electrode) a voltage change which was 
proportional to the electrode resistance. By comparison of this voltage to 18920
18 The M-] is the first negative peak of the compound action potential 
recorded from the cochlea.
19 PALMER Microelectrode Puller.
20 Using a ZEISS Binocular operating microscope.
21 2g in 100 ml saline.
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that produced across a calibration resistor (lOMfl), an absolute measure of 
the electrode impedance was obtained.
2.5 THE SOUND SYSTEM.
The block diagram of figure 2.1 summarizes the components of the sound 
system. Pure tones were produced from a low distortion A.F. oscillator and 
could be trapezoidally gated. The tone frequency was monitored accurately 
with a digital frequency counter?3 The rise and fall times, and the duration 
of the trapezoid modulating wave form could be manipulated. A white 'noise 
signal could be gated in a similar manner to that of the pure tone stimuli.
A pulse generator of variable pulse width was used to produce a click stimulus.
For all signals, the repetition rate and delay (with reference to a synchro­
nizing pulse to trigger, for example, the oscilloscope trace) was controlled
from a clock pulse generator with variable delay. A Bruel ¿c Kjaer inch
25condenser microphone cartridge was used as a transducer, giving an audio out­
put with a frequency range adequate for the IP hearing range (up xo approx­
imately 40 kHz). For low sound intensities (up to 70-80 dB SPL) the signal^6 
was fed directly to the condenser 'earphone' via a 100 dB ?t=p attenuator2 34567 
(l dB steps). For sounds of higher intensity (greater than 70-60 dB SPL) the 
signal was amplified with a low noise, power amplifier. At such high sound 
intensities, i.e. 60-120 dB SPL, the condenser earphone introduces considerable 
harmonic distortion. The signal from the attenuator to the power amplifier 
was therefore passed through a distortion compensating circuit which introd­
uced a level dependent distortion to compensate for that produced by the
condenser earphone (circuit design by J.P.blLSOH, see SV'FIS, 19?8b)
Figure 2.3 shows some example energy spectra of tone signals at maximum 
sound pressure levels- (110-120 d3 SPL), which is the worst condition ¿or the 
production of harmonic distortion. The top diagram shows the harmonic 
distortion in a gated 1 kHz signal (30 ms duration, 10 ms rise-fall times). .
The lower diagram shows that of a continuous 1 kHz tone signal. It can be
seen that the harmonic distortion in the dynamic situation (i.e gated tones
with 10 ms rise-fall times) is more than 49 dE below the level of the fundamental.
22 LE7ELL R C Oscillator Type T G 150m.
23 Advance timer counter'503*
24 FAihiELL pulse generating system.
25 3FUEL cic XJAS3 type 4134.
26 Harmonic distortion - '(Q dB.
2 7 HEV.LETT - PACXAFJ) 350 D.
23 Thi3 'anti-distortion unit* was adjusted to produce minimum harmonic dist­
ortion in dynamic signals (i.e gated tones with 10 ms rise fall times) 
at the maximum sound intensity level.
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THE SOUND SYSTEM
Figure 2.1 Schematic diagram showing the salient features of the 
sound system used in the present study.
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CALIBRATION OF THE SOUND SYSTEM
HIGH PAHS FILTER 
COMPENSATES FOR 
HF ATTENUATION IN 
CRITICALLY DAMPED 
PROBE TUBE
Ï
LEVEL
RECORDER 
(B  te K 2305)
MICROPHONE 
AMPLIFIER 
(B  & K 2603)
PROBE 
MICROPHONE 
( B 4 K  4134)
OSCILLATOR 
(B & K IO24)
FREQUENCY
DOUBLER
CONDENSER 
EARPHONE 
(B it K 4134)
PERSPEX BARMOULD
Figure 2.2 The right hand diagram, drawn to scale, shows the postition 
of the condenser earphone and the probe microphone in 
relation to the hollow, perspex earmould and the external 
auditory meatus.
Also shown (schematic; left) is the arrangement of the 
apparatus for the calibration of the sound system, (see 
text for details).
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Energy spectra showing maximum 
d is to r t io n  produced by sound system 
0
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Figure 2.3 Typical energy spectra of tone stimuli used in this study.
These energy spectra illustrate the worst conditions of 
distortion, that is, with the sound output at maximum level 
(1^ 0-120 dB SPL, corresponding to 200 V p.p. input to the 
condenser earphone). The upper diagram shows the spectrum of 
a trapezoidally gated, 1 kHz tone (30 ms duration, 10 ms rise/ 
tail times). The lower diagram shows the spectrum of a 1 kHz 
continuous tone. The distortion shown in these examples is 
typical.
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The power amplifier was modified to provide the 200 V d.c. polarization 
voltage for the condenser earphone. The earphone was coupled to the perspex 
earmould via a lightly damped Bruel & Kjaer probe cone and tube (20 mm long 
4 mm o.d). The distance from the condenser earphone diaphragm to the tympanic 
membrane was 3 tm (see figure 2.2). The driver probe tube was damped with 
polyurethane foam crumbs, and an adjustment of the damping was made to obtain 
critical damping. The condenser earphone driving system ' (EVMS, 1978b) 
produced a maximum stimulus intensity of 110-120 dB SPL (re 0.0002 dyne/cm2 )
depending on frequency, for an input signal of 200 V peak to peak.
•• 29 30 ~A Bruel Kjaer microphone with a lmrmo.d. damped probe tube was in­
serted into the perspex earmould so that the end of the probe was l-2mm from
the tympanic membrane. For each experimental animal, the sound level at the
31tympanic membrane was determined, via the probe tube, at frequencies from 
0.2-40 kHz. The actual sound pressure level at any frequency was calculated 
from the value of the recorded sound pressure level, adjusted to allow for 
the attenuation of the probe tube and probe tube microphone at that frequency? 
the attenuation characteristics of the probe tube were regularly calibrated. 
Fig. 2.2 summarizes the essential features of the sound calibration system.
The electrical signal producing the sound stimulus was monitored visually
32 33on an oscilloscope and also aurally through high fidelity headphones. The
oscilloscope was triggered from the main clock pulse generator.
2.6 THE RECORDING SYSTEM.
The recording system is shown diagrammatically in figure 2.4. Round
34 . .window electrode potentials were pre-amplified conventionally (xlOOO) before 
further amplification and display on the oscilloscope. The pre-amplifier 
passband was usually .08 kHz - 10 kHz. When it was necessary, the gross coch­
lear action potentials (CAP) were averaged^and plotted out on an XY plotter"*6
29 BRUEL 4b KJAER type of 4134*
30 When this probe tube is critically damped, its frequency response falls 
off at high frequencies. To compensate for this attenuation at high' 
frequencies, a high pass filter is used in conjunction with the probe 
tube microphone amplifier. This high pass filter has a cut-off slope 
designed to compensate as nearly as possible for the cut-off slope of 
the probe tube frequency response.
31 Via BRUEL ¿c KJAER microphone amplifier type 2603 on BRUEL <x KJAER level 
recorder type 2305»
32 SOLARTROH CX 1448* 35 NUCLEAR CHICAGO dataretrieval computer.
33 SENMHEISER HD 414. ■ 3ó ^ y ^ g  x y plotter.
34 TEKTRONIX FMI22 pre-amplifier.
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RECORDING SYSTEM
Figure 2.4 Schematic diagram of the electrophysiological recording 
system, (see text for details).
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for a permanent record.
Micro-electrode potentials were amplified via a high input impedance,
38unity gain amplifier. The effects of stray capacitance particularly that 
produced across the wall of the micro-electrode was neutralized by negative 
capacitance feedback. Before display on the oscilloscope, the signals 
passed via a xlOO amplifier, and low and high pass filters. Recordings were 
usually carried out with a passband of 0.2 kHz - 5 kHz.
Signals from the Y upper amplifier of the oscilloscope were passed 
through a variable threshold Schmitt trigger so that the peaks of signals, 
such as action potentials, could be discriminated. The discrimination thres­
hold was indicated on the oscilloscope by brightness modulation of the trace;
(a 5CV D.C. bright up voltage was gated by the Schmitt trigger output).
Recorded potentials were monitored aurally before or after discrim­
ination. Discriminated spike discharge rates were counted with a digital 
39frequency counter. The preparation ground was connected to the circuit ground via
a. low source impedance pulse generator, -^e Potential of the preparation 
could therefore be shifted (5 0 p.v - 100 mv) with respect to circuit ground, 
and thus provided a means for both the calibration of recorded potentials and 
a test for electrode contact.
2.7a GROSS COCHLEAR ACTION POTENTIAL RECORDING PROCEDURES.
37
The N] component of the gross cochlear action potential (CAP) evoked 
by a click stimulus was used to monitor the approximate threshold of response 
of the cochlea. During microelectrode placement, the CAP was continuously 
monitored, and the peak of the Nj was discriminated. This discriminated 
response was played over a loudspeaker so that any decrease in the Ni ampl­
itude such that it was no longer discriminated (and no longer audible) served 
as an immediate warning of cochlear hypoxia. The threshold of the N] was also 
measured periodically during cochlear fibre recording to detect any slow 
deterioration of cochlear function which sometimes occuxred during the experi­
mental proceedings.
For the determination of amplitude and latency functions, 50-200 
responses were averaged and plotted out at each of a number of intensity levels 
(5 or 10 dB steps).
37 Input resistance greater than 10 M U .
38 Based on ELSA - 4 Bak amplifier.
39 VENDER digital counter TSA 0034/2.
40 Unless otherwise stated a 50 vis rarefaction click was used.
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Frequency specific stimuli were used to determine the threshold of 
the CAP. The stimuli used were tone pips of 4 m3 duration, with 2 ms rise- 
fall times and a repetition of 5/s* Figure 2.5 shows the energy spectra of such 
tone pip stimuli at frequencies of 1, 4 and 16 kHz. These signals are impul­
sive enough to evoke a CAP, yet retain good frequency specificity such that 
near threshold, the CAP response to such stimuli is reflecting synchronous
activity in the fibres from cochlear regions appropriate to the stimulus 
frequency.
The threshold of the CAP to such stimuli were measured by visual detec­
tion of the CAP on the oscilloscope trace. Such thresholds were determined 
at 10-20 frequencies from 0.5 kHz to 40 kHz, thus obtaining the 'CAP audio- 
gram' . A more detailed methodological consideration of the CAP audiogram 
determination is given in section 8.1.
2.7h SINGLE COCHLEAR NERVE FIBRE RESPOUSE; RECOPDING PROCEDURES.
Broad-band noise bursts (50 ms duration, 5-10/s) were used as a search 
stimulus. For cochleas with anticipated high thresholds i.e in kanamycin 
treated animals, the search stimulus was of sufficient intensity to stimulate 
any high threshold, pathological fibres. High intensity stimulation was, 
however, used judiciously to prevent any temporary threshold shift. On encounter­
ing a cochlear fibre response, the depth cf the electrode in the nerve 
track was recorded.
The response of the fibre was displayed visually on the oscilloscope, 
and monitored aurally after spike discrimination. Gated tonal stimuli of 
50 ms duration, 5 or 10 ms rise-fall times, and at a repetition rate of 5-lo/s 
were used to determine the minimum threshold and FTC of the cochlear fibre, 
by the procedure outlined below.
The minimum threshold of a cochlear fibre response was determined by 
manually sweeping the stimulus across frequency at successively lower intensity 
levels until the lowest threshold of response was reached. The stimulus 
frequency at this minimum threshold is the characteristic frequency (CP) of 
the fibre. The FTC was determined by varying the stimulus frequency towards the 
CF from high and low frequency sides alternately and at 5 or 10 dB steps until 
the fibres threshold of response was reached. For all threshold determinations, 
an audio-visual detection (mainly auditory cues) of a change in firing rate 
above spontaneous activity was the threshold criterion used.
At the threshold of response, the just detectable rhythm of 
discharge corresponding to the stimulus repetition rate was easily identif­
iable. To determine an FTC,as set out above,took approximately 4 minutes.
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Figure 2. Energy spectra of the tone pip stimuli us$d to evoke frequency 
specific CAP responses. The examples shown are of tone pips 
at 1 ,  4 and 16 kHz, (4 ms duration, 2 ms rise-fall t i m e , repeated 
at 100/s).
Spike counts of spontaneous activity were then sampled for at least 20 sec, 
and this was often repeated a minute later.
After the experiment the threshold intensity values were corrected to 
dB SPL re. 0.0002 dyne/cm2, Correction was done using the sound system cali­
bration curves of dB SPL at the tympanic membrane recorded at the ¡beginning 
of each experiment. These calibration curves were corrected for the atten­
uation characteristics of the probe tube and probe tube microphone used in 
the ear calibration. For convenience, computer pregrams written by E.F. EVANS 
were used for the above correction procedures as well as for calèulating 
bandwidth and slope values of tuning characteristics, and for plotting corr­
ected FTCs. In addition to the manual determination of FTCs described above, 
semiautomatic and automatic FTC determinations have been made in five
animals. The system enabling computer control of stimulus frequency and 
intensity in the fully automatic determinations was developed by E.F. EVANS, 
and is described in the appropriate results section.
The results of single cochlear fibre recording experiments are reported 
in chapter 4 and discussed in chapter 7 »
2.8 HISTOLOGICAL EXAMINATION OF HAIR CELL DEGENERATION} THE SUBFACE 
PREPARATION TECHNIQUE.
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Immediately after eledtrophysiological recording, the GP was sacrificed 
with a barbiturate over-dose, and within minutes post-mortem the cochleas 
were fixed with 2$ veronal buffered osmium tetroxide solution. The quickest 
routine for fixing the cochleas was to decapitate the GP, remove its lower 
jaw and open the ventral surface of both bullae, thus exposing the cochleas.
As figure 2.6 b & c illustrate, holes were picked in the apex of each cochlea, 
and near the round window into the scala tympani; the stapes footplate was 
also punctured. The fixative was allowed to run down through the cochleas 
from the apex to the base, and when the perilymph was totally replaced by the 
fixative, the cochleas were removed and immersed in cold (5®c) fixative for an 
hour. After washing in distilled water, they were stored in 50% alcohol.
The surface preparation technique, as described by ENGSTRO’A et al. 
(1966) was used to examine the organ of Corti. A clamp on a rotating stage 
was used to hold the otic capsule firmly, under water, for dissection. All 
dissection was done under a binocular microscope4.1 Starting at the apex, the 
thin bony capsule was gradually removed from the cochleaj the stria vascularis 
and spiral ligament were also removed (see figure 2.6 c & d). Throughout the 
cochlea, these latter structures could be easily freed from the rest of the
41 ZEISS binocular operating microscope. Magnification x6 to x40.
Tn cochlea exposed V removal of the ventral wall of 
tna bulla.
(b). The extreme apical and basal regions of the cochlea 
opened to allow fixative (2$ 0s04) to flow through 
the scalae. (the basal opening is more clearly seen
in pnotograph C).
(c). After fixation: the bony snoll of the cochlea removed 
from two apical turns to reveal the spiral ligament 
and the stria vascularis.
(¿,. The dissected cochlea, with the bony shell, spiral
ligament, and stria vascularis removed from all turns 
exposing the organ of Corti. (The black border to the 
organ of Corti in the apical turns is a region of 
Hensen cells which are osmiophilic and thu3 darkly 
stained.
Figure 2.6
44  -
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organ because of a line of weakness in the area of the Claudius cells.
The organ of Corti was removed in up to 3 mm lengths and was best preserved 
if still attached to some bony spiral lamina by which it could be handled 
safely. (The thickness of too much spiral lamina could,however, interfere 
with high power microscopy which requires short objective working distances). 
The basal turn of the cochlea was the most difficult tb dissect, but the organ 
of Corti tended to attach very firmly to the bony spiral lamina and was rarely 
damaged (after practice). The extreme basal 'hook' region was sometimes lost, 
but never without accurate measurement of the distance over which the loss 
occurred. Each surface specimen was mounted in an aqueous mounting medium2for 
light microscopic examination. For some (early)' parts of this study, phase 
contrasty optics were used4.3 Later, differential interference microscopy was 
adopted.
The length of each surface specimen was measured (along the tunnel of 
Corti) under the microscope,using a calibrated eyepiece graticule; the meas­
urement error for each specimen was approximately± 0.02mm. The examination 
of the specimens was usually carried out under magnifications of X4OO-XIOOO 
(using oil immersion objectives). Despite the thickness of the tissue, much 
detail could be seen, especially with 'optical sectioning' under differential 
interference microscopy. The orderly arrangement of the hair cells at the 
cuticular lamina made the detection of hair cell loss relatively easy. This 
neat pattern of the surface of the organ of Corti is illustrated in figures
2.7 & 2.8 which show medium and high power photomicrographs of normal regions 
of the GP cochlea. Where there was a disruption of the cuticular lamina, the 
task of assessing hair cell loss was more difficult. For example, in areas of 
kanamycin treated cochleas where the first row of OHCs had degenerated compl­
etely, the remaining OHC rows often collapsed into the resulting gap so that 
OHC row 2 ambiguously appeared as OHC row 1. There was sometimes difficulty 
in observing row 3 OHCs at the apex of the cochlea because such cells were 
often obscured by the large, darkly stained osmiophilic inclusions of the 
Hensen cells in this region.
The pattern of hair cell damage was ascertained by logging the hair 
cells remaining in each hair cell row. The simple criterion of presence or
42
43
44
e.g.Farrants aqueous mounting medium (GURB)j GUHB 'uvinert' aqueous 
mountant.
NIKON L-Ke with phase contrast.
NIKON L-Ke with differential interference.
ZEISS (W.Germany) standard 14 with Nomarski differential interference 
contrast.
45
tm
X
Figure 2.7 Photomicrograph of the upper surface of the organ of Corti 
from a normal cochlea. The microscope optics were îlomarski 
differential interference - contrast.
- 47 -
Fig-are 2.8 Photomic. ..grapn, taken at high magnification, of the surface 
of the organ of Corti from a normal cochlea. Near the 
surface of each hair ceil, i.ae (optical) cross section 
through the bases of one stereocilia reveals their 'W 
shaped arrangement, 'rhe microscope optics were Nomarski 
differential interference-contrast.
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absence of hair cells was the only criterion which could be practically 
applied. Indeed no hair cells remaining (more than two weeks) after kana- 
mycin poisoning were found to have any partial damage which could have been 
used as a criterion of hair cell damage ( e.g. abnormal cytoplasmic granulation, 
loss of stereocilia). This was not unexpected because even at the electron- 
microscopic level, there are no morphological abnormalities in hair cells
remaining four weeks after kanamycin poisoning (YLIXOSKI, 1974).
From the comprehensive log of the hair cell counts, cochleograms were 
constructed. The format for the cochleogram was based on that of DALLGS &
WANG (1974)* See for example figure 4*10» the percentage of hair cells 
present were plotted for "bin" widths of 50 cells for the three row of OHCs, 
and 40 cells for the IHC row. The ratio of the IHCs to OHCs changes insigni­
ficantly along the length of the GP cochlea (COLE’iAN, 1975)* Supernumerary 
hair cells (e.g. row four OHCs) are not indicated on the cochleogram.
The length of the cochlea was expressed in mm from the basal extreme of 
the organ of 6orti. The error in estimation of total length was 0.2mm to 
0.5 mm depending on whether the whole spiral organ was removed successfully 
and measured microscopically, or whether the length of a lost specimen had to be 
inferred from the gap in the spiral lamina measured under the low power dissect­
ing microscope. The results of these histological studies on hair cell 
degeneration caused by kanaa^ycin are presented in chapter 3, and discussed in 
chapter 6.
2.9 THE COCHLEAE FREQUENCY MAP.
To allow correlations to be made between the electrophysiological data
and hair cell losses, the cochlear frequency map of WILSON & JOHNSTONE (1972)
was used. This map is shown in figure 2.9. The map was derived, at high
frequencies, from direct measurements of basilar membrane peak amplitude of
vibration by WILSON ¿e JOHNSTONE, and at low frequencies, from the cochlear
46microphonic data of DALLOS.
This cochlear frequency map gives a high frequency limit of 43 kHz 
which is consistent with the behavioural audiogram of the GP (HEFFNER et al. 
197l). The low frequency data points of DALLOS were derived from a cochlea 
which was 22 mm in length. The apical extreme of such a cochlea has, according 
to the map, a low frequency limit of 0.08 kHz, very close to the CF of the 
lowest frequency cochlear fibre found in this study. Differences in the 
length of individual cochleas, from the 22 mm of the frequency map were accom­
modated by linear scaling (see figure 6.2).
The need for an accurate cochlear frequency map for correlating hair 
cell loss to the electrophysiological data was emphasized in the introduction
DALLOS (1971) J. Acoust. Soc. Amer., 49, P 1141, figs 1 ¿f, 2; p 1820, 
fig. 1.
Figure 2.9 (After WILSON «3c JOHNSTONE, 1972). The cochlear frequency 
map used in the present study. The filled symbols are 
those of WILSON dc JOHNSTONE and indicate the frequency 
of peak BM responses as a function of distance from the 
base of the cochlea. Also shown are the points of 
JOHNSTONS et al. (1970 open squares) measured from the_ 
stapes (to which 1 mm has been added), the data of BEKESY 
(dashed curve), anu the cochlear microphonic data from 
DALLOS (1971).
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(section 1.1a). Further confirmation of the accuracy of the map useu was 
found from the result- of the present study. These findings and those of 
others which support the accuracy of the frequency map are discussed in 
section 6.4.
CHAPTER 3.
RESULTS! HAIR CELL DEGENERATION.
3.1 THE PATTERN OF HAIR CELL DAMAGE PRODUCED BY KANAMYCIN POISONING.
3.2 THE OTOTOXIC EFFECTS OF KANAMYCIN ON ALBINO GUINEA PIGS.
3.3 HAIR CELL DAMAGE AFTER LONG TERM SURVIVAL FROM KANAMYCIN 
TREATMENT.
- 51 -
3.1 THE PATTERN OF HAIR CELL DEGENERATION PRODUCED BY KANAMYCIN POISONING.
Figures 3.1 a & b show a sample of cochleograms illustrating the range 
of susceptibility between animals to similar dosages of kanamycin. All the 
cochleograms shown are of the left cochlea of GPs given 400 mg of kanamycin/ 
kg/day for 8-10 consecutive days (by sub-cutaneous injection). The animals 
were sacrificed between 2-10 weeks after the kanamycin treatment. The 
damage ranged from very little basal OHC loss (cochleogram A) to total hair 
cell degeneration (cochleogram T). Figures 3.1 a & b also qualitatively 
illustrate the sequence in which kanamycin damages the hair cells. The 
OHCs at the basal, high frequency region of the cochlea degenerate first, and 
this OHC loss gradually extends more apically. The first row of OHCs seems 
to be more susceptible than rows 2 and 3 (e.g. cochleograms J - 0). At a 
very late stage in the sequence of degeneration (i.e.when most OHC have degen­
erated), the IHCs start to be damaged, sometimes at the apical end 
of the cochlea (Q,B) and sometimes at the basal end (N,0).
Figures 3.2 - 3*4 show photomicrographs of surface preparation specimens 
of organ of Corti, partially damaged by kanamycin poisoning, figures 3.2 <Sc
3.3 show damage of the most susceptible first row of OHCs. Figure 3.4 shows 
more extensive OHC damage extending into rows 2 & 3. In all these cases, the 
IHCs can be seen to be intact.
Initially, in this experimental study, it was hoped to produce cochleas 
which, as well as total OHC loss in the basal region, also had normal apical 
areas with all haircells intact. This pattern of degeneration was desirable 
because the recording of normal responses in fibres from such regions would 
act as a control for the possible occurrence of acute cochlear pathology.
For examole cochlear hypoxia caused by low systemic blood pressure or an impaired 
cochlear blood supply would produce a deterioration in the threshold and tuning 
properties of cochlear fibre responses (e.g EVANS, 1972) which could be 
confused with any abnormal responses associated specifically with the loss of 
hair cells. Such patterns of degeneration were produced e.g.as shown in 
figure 3.1a, cochleogramsE and F.
Most kanamycin treated cochleas did not have extensive areas of intact 
OHCs in all three rows because of the vulnerability of row 1 OHCs. Fortun­
ately» the need for this as a control for the possibility of acute deterioration *1
became less critical because» ___________________ '
1 There was usually a close similarity between the patterns of degeneration
in left and right cochleas.
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apex base apex base
DISTANCE ALONG COCHLEA ( mm)
Figures 3.1a as b Cochleograras showing the pattern of hair cell degeneration 
(see over for 3.1b). caused kananqycin poisoning. All the cochleograrns
'. ..... . ......  shown are from the left cochleas of 20 GPs given kanattycin»
400 mg/kg/day s.c. for 8-10 consecutive days. The animals 
were sacrificed 2-10 weeks after treatment.
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apex base apex base
DISTANCE ALONG COCHLEA (mm)
Figure 3.1b see figure 3.1a for legend.
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Figura 3.2 Photomicrographs of surface preparations from regions of GP 
organ of Corti damaged by kanamcyin. In these specimens, 
only the OHCs in row 1 have been affected. The other rows 
of ÜRC and the IHCs are intact. Microscope optics were 
h'omarski differential interference contrast.
- 5 5 -
Figure 3.3 Photomicrograph of surface preparation of a region of organ 
of Corti in a /:anamycin treated GP. In this apecimon, moot 
of ike OliCu in row 1, and some of the OHCs in rows 2 and 3 
nave regenerated. The IHCs are intact, ifiicroscope optics« 
ho.-.arski differential interference contrast.
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Figure 3-4 A Photomicrograph showing surface preparation of a region of 
GP or0sn of Corti damaged as a result of kanamycin poisoning. 
In this specimen there is total loss of row 1 OHCs and only 
a few JIGS remain in row 2. Most of Row 3 OHCs are intact, 
as are all the IHCs. In the upper photograph the IHCs are 
out of the plane of focus. IHCs are shown separately in the 
lower photograph. Microscope optics: Nomarski differential 
interference contrast.
a) . A new anaesthetic technique (section 2.3) was developed, the use
of which considerably lessened the occurrence of cochlear hypoxia 
caused by respiratoiy and cardiovascular depression.
b) . It became obvious during the course of this study that the CAP
audiogram reflected sufficiently well the functional state of the 
cochlea. Thus any change in the cochlear thresholds would be 
indicated by the comparison of the CAP audiogram, measured veiy 
early in the experimental proceedings (before any physiological 
trauma was likely to have occurred), with subsequent recordings 
(see section 4«l).
3.2 THE OTOTOXIC EFFECTS OF KAMMYCIN ON ALBINO GUINEA PIGS.
The kanamycin dosage regime described previously is only adequate for 
producing extensive haircell loss in pigmented GPs. Albino animals were much 
more resistant to kanamycin^as figures 3.5 a & b illustrate. The cochleo- 
grams from 8 GPs (from left and right ears except the case of GP 84) show 
relatively little degeneration of hair cells. The same dosage was used as 
for the pigmented animals (4OO mg/kg/day) but even after administration of 
this dose for 14 - 16 days (GPs 69, 84, 85, 86, 87) there was relatively 
little cochlear damage compared with that produced in pigmented animals.
Pigmented GPs were used in the experiments described in this dissert­
ation because of the difficulties in producing a OHC loss in the albino GP.
3.3 HAIR CELL DAMAGE AFTER LONG TEEM SURVIVAL FROM KARAMYCIN TREATMENT.
The cochleograms (for pigmented GPs) illustrated in figures 3.1 a &  b 
were of cochleas 2-8 weeics after kanamycin was administered. Figure 3.6 shows 
cochleograms of 5 cochleas more than 10 weeks after kanamycin administration.
These results show that in the long term, not only do the OHCs in the 
basal regions of the cochlea degenerate, but so also do the IHCs. In all 
cases, the IHCs loss occurred only in regions where there was total OHC loss;
any OHCs remained, the IHCs did not degenerate in the long term. This is 
illustrated in the top left hand cochleogram. of figure 3.6, where very few 
OHCs are present along a 2 - 3 mm mid cochlear region, but the IHCs in that 
region remain intact.
The findings reported in this results chapter are discussed in 
chapter 6.
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2 see page 112.
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Figure 
(see over
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3«5a & 8 The otototoxic effects of kanamycin in albino GPs. 
for 3.5b). Cochleograms of eight albino GPs (left and right 
cochleas except GP 84) showing the hair cell loss 
caused by kanaojycin (4OO mg/kg S.C.) given daily for 
the number of days indicated. The cochleas were 
investigated 2-6 weeks after final kanamycin injection.
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Figure 3.5t> see 3.5a for legend.
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Figure 3.6 Long term inner and outer hair cell degeneration in
kanamycin treated GPs. Cochleograms of three pigmented 
GPs (left and right cochleas except 545)* The animals were 
sacrificed 6^ weeks, 21 weeks and 11 weeks after kanamycin 
administration (400 mg / kg / day s.c. 8 - 1 0  days).
CHAPTER 4
RESULTS OF COCHLEAR FIBRE STUDIES.
4.1 GENERAL.
4.2a SPONTANEOUS DISCHARGE RATES IN NORMAL AND PATHOLOGICAL COCHLEAR FIBRES
4.2b THE RELATIONSHIP OF SPONTANEOUS ACTIVITY TO THE MINIMUM THRESHOLDS AND 
TUNING PROPERTIES COCHLEAR FIBRES.
4.3a THE MINIMUM THRESHOLDS OF NORMAL COCHLEAR FIBRES.
4.3b THE EFFECTS OF OHC LOSS ON THE MINIMUM THRESHOLDS OF COCHLEAR FIBRES.
4.4a THE EFFECTS OF OHC LOSS ON THE FTCs OF COCHLEAR FIBRES.
4.4b CHANGES IN FTC BANDWIDTH AFTER OHC LOSS.
4.4c THE DEPENDENCE OF FTC BANDWIDTH AND CUT-OFF SLOPES ON THE 
ELEVATION OF MINIMUM THRESHOLD.
4 .1 GENERAL
Recordings were made from over 776 cochlear fibres in 34 kanamycin 
treated GPs and 12 untreated control animals. The characteristic frequencies 
(CFs) of fibres encountered in each electrode penetration (as detailed in 
methods, section 2.4) were consistent with a spiral, tonotopic arrangement of 
fibres in the nerve. As figure 4*1 shows, fibres with high CF were encount­
ered near the surface of the nerve, and then systematically lower CF fibres 
as the electrode was moved further through the nerve (obliquely across its 
diameter). At a depth of approximately 1.5 mm, this trend reversed, and 
fibres of increasing CF were encountered (see figure 4.1). Most electrode 
tracks were approximately 2.0mm in length. To record from fibres with CFs 
above 15 kHz, the electrode had to penetrate the nerve at its posterior aspect. 
The average number of fibres recorded per track was 15, but more than one 
track was usually required to obtain fibres with the wide spread of CFs desi­
rable in these experiments.
Pulsed broad band noise was used as a search stimulus. To detect poss­
ible high threshold fibre responses, high intensities were obviously required, 
but judicious use was made of such stimuli to prevent threshold shifts 
caused by over-stimulation.
Neurones were positively identified as being first order if the spikes 
were positive and monophasic, and of short latency ( 4 ms), and if the unit 
was lost or regained by electrode movements of less than 10 jam. Very few 
units from the cochlear nucleus were encountered, and these were always antici­
pated from poor electrode placement e.g. in conditions of brain stem oedema, 
or where visibility and exposure of the nerve was poor due to uncontrollable 
bleeding near to the recording site.
The recording experiment was usually terminated after the second elec­
trode track because subsequent electrode placement was often difficult 
(because of brain stem oedema and / or a blood accumulation around the recor­
ding site). If a deterioration in the condition of the preparation occurred 
(e.g* as indicated by a fall in mean systemic blood pressure, or from eleva­
tions of CAP thresholds) the experiment was terminated earlier. In any case, 
the cochleas were fixed immediately post-mortem for subsequent histological 
examination.
After plotting the cochleograms for the individual animals, and matching 
them to the electrophysiological data (using the cochlear frequency map des­
cribed in section 2.9), the cochlear fibre responses were compared directly 
with the haircell degeneration in the region of the cochlea from which the
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Figure 4*1 The characteristic frequency of cochlear fibre responses 
plotted against the position of each fibre along the 
electrode track in the cochlear nerve.
fibre was assumed to originate. Because some of the experimental results 
are presented as pooled data, the fibres were categorized according to the 
degree of hair cell loss in the region of cochleas from which they originate. 
These categories are as follows!
1) . Fibres which originated in cochlear areas of total OHC loss,
where the IHCs remained intact.
2) . Fibres from cochlear areas with partial OHC loss (IHCs intact).
In most cases, these fibres were from regions with only rows 2 &
3 OHCs remaining.
3) . Fibres from areas of the cochlea, in kanamycin treated animals,
with no damage and completely normal histological appearance.
4) . Fibres from normal control GPs.
5) . Categorized separately were a number of fibres, from both control
and kanamycin treated GPs, whose responses were abnormal because 
the history of the experimental proceedings indicated that the 
cochlea may have been hypoxic e.g. through a temporary apnoea, a 
period of low arterial blood pressure (<50 mm Hg) or a restriction 
of the blood supply to the cochlea caused by occlusion of the inte­
rnal auditory artery. The latter was indicated by abrupt changes 
in the threshold of the Nj response to click stimulation.
In the following results sections, the symbols used in the pooled data allow 
the above categories to be distinguished.
Before presenting the results it is appropriate to illustrate how the 
CAP audiogram (see section 5.l) was used to resolve any possible confusion 
between the effects of chronic hair cell degeneration, and acute cochlear 
hypoxia which could occur during the experimental proceedings. (Only if 
there were no such changes could abnormal fibre responses be positively ass­
ociated with chronic hair cell damage.)
The middle diagram of figure 4.2 shows that cochlear fibres with CFs 
above 10 kHz had abnormal FTCs. However, the cochleogram below indicates 
that the pathology was not due to the loss of haircells; the cochlea had, in 
fact, a nearly normal complement of hair cells. The corresponding CAP audio- 
grams in the top diagram indicate clearly that the functional state of the 
cochlea had deteriorated during the experimental proceedings. The dashed 
curve shows the initial CAP audiogram, the dotted and continuous curves show 
respectively, the state of the cochlea immediately before and after the 
single fibre recordings were made, and reflect quite accurately the elevation 
in the minimum thresholds of the high CF fibres.
The arrows to the right of the CAP audiogram indicate the threshold 
(peak equivalent^dB SPL) of the CAP to click stimuli, ascertained at the time
T Peak e q u iv a le n t of pure tone at 1C kHz.
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Figure 4.2 The use of the CAP audiogram to resolve a possible confusion 
between the effects of chronic hair cell degeneration, 
caused by kanamycin poisoning, and acute cochlear hypoxia 
which could occur during the experimental proceedings. The 
top diagram shows GP CAP audiograms measured before (dashed 
curve) and after electrode placement (dotted <jc continuous 
curves). The arrows to the right indicate the CAP threshold 
to a broadband click stimulus (in peak equivalent dB SPL). 
The middle diagram shows the cochlear fibre FTCs and the 
lower diagram is the cochleogram showing the state of 
degeneration of hair cells at the time of the electrophysio— 
logical recording. The change in the CAP audiogram during 
electrode placement indicates clearly that the cochlear 
fibre FTCs with CF's above 10 kHz are abnormal because of an 
acute cochlear insult rather than because of chronic hair 
cell damage.
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of the corresponding CAP audiograms. The 15-20 dB elevation of this click 
threshold (dashed arrow to dotted and continuous arrows) does not fully 
reflect the $ 0 dB elevation of the minimum thresholds of high CF cochlear 
fibres. The 50' click stimulus used for CAP threshold monitoring was 
not optimal for reflecting activity of high CF fibres (because of the 
energy minimum at 20 kHz). However, any stimulus with a flat energy 
spectrum will be inadequate for indicating threshold shifts at high frequencies,
e.g.> 10kHz, if such threshold shifts occur independently of changes at 
lower frequencies.
4.2a SPONTANEOUS DISCHARGE HATES IN NORMAL AND PATHOLOGICAL' COCHLEAR FIBRES.
The mean spontaneous discharge rate was measured for 310 cochlear 
fibres (over at least 20s of sample time). If no firing occurred during the 
sample period, the fibre was designated as having zero spontaneous activity.
Figure 4.3 shows the distribution of spontaneous discharge rates, in 
spikes/s, plotted against the CF of the fibres (divided into the categories 
described previously; section 4*1) • f'he distribution of spontaneous activ­
ity in these categories is_ shown in the histograms of figure 4*3« For fibres 
from normal cochlear areas^ (histogram A) 89k had spontaneous discharge rates 
greater than 5/s. The majority of spontaneous discharge rates (69k) were 
between 2C-80 spikes/s.
In contrast to fibres from normal cochlear areas, a high proportion of 
fibres from areas of OHC degeneration had low or zero spontaneous rates of 
discharge. Almost half the fibres from areas of total OHC loss were silent 
unless stimulated. The range of spontaneous rates in histogram B was similar 
to that of normal fibres (histogram A; although the distribution was 
different.
Many fibres (30$) from areas of partial OHC loss (mainly where only 2 
rows of OHC remained) had zero or near zero spontaneous discharge. The rate 
of discharge of the other fibres in this category were predominantly between 
2 0 -5 0 spikes/s (histogram C ).
In fibres from control GPs, but which had suffered physiological insult 
during the course of the recording experiment, 30$ had low or zero spontan­
eous rates of activity (histogram D ).
4.2b THE RELATIONSHIP OF SPONTANEOUS ACTIVITY TO THE MINIMUM THRESHOLDS 
AND TUNING OF COCHLEAH FIBRES.
Figure 4»4 shows the rate of spontaneous discharge of normal and path­
ological fibres plotted against the minimum thresholds of the fibres (in dB
^ Besponses of fibres recorded from kanamjcin treated GPs, but which caaie 
from regions of intact inner and outer hair cells, did not differ (in 
respect of 3-11 "the properties investigated in the present study) fx^ om 
the responses of normal fibres from untreated animals. These two cate­gories of fibres are therefore pooled in histogram A.
N
U
M
B
ER
 
O
F 
C
O
C
H
LE
A
R
 
FI
B
R
E
S
 
R
A
TE
 
O
F 
SP
O
N
TA
N
EO
U
S 
A
C
T
IV
IT
Y
 
(s
pi
ke
s/
se
c)
- 66 -
0 20 AO 60 80 100 120
3 6 -
( D ) Pathology other than 
hair cell loss
RATE OF SPONTANEOUS A CTIV ITY  (spikes/sec)
Figure 4.3 The rates of spontaneous activity of cochlear fibres from
normal and kanamycin treated GP cochleas, plotted against the 
CF of each fibre. The histograms show the distribution of the 
rates of spontaneous activity for the separate fibre categories indicated.
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Figure 4*4 The rate of spontaneous activity of cochlear fibres from 
normal and kanamjCin treated GPs, plotted against the 
minimum threshold of each fibre.
SPL). The pathological fibres (open symbols and small filled circles) had 
elevated minimum thresholds, and many of them also had low rates of spont­
aneous activity. In this respect there was a relationship between minimum 
threshold and spontaneous activity. However, this relationship only applies 
to pathological cochleas. For normal cochlear fibres there was no such obvious 
relationship, as figure 4.5 shows. In this figure, the spontaneous activity 
of fibres from normal cochlear areas is plotted against the minimum thres­
holds. The low correlation coefficient indicates that there was no signifi­
cant relationship between minimum threshold and spontaneous activity.
The tuning of normal cochlear fibres was also not obviously related to 
their rates of spontaneous activity. Figure 4*6 shows the spontaneous activ­
ity plotted against the 10 dB bandwidth of the fibre FTCs. The bandwidth 
values have been taken from fibres of all CFs, and to normalize these values 
they were measured on a square root frequency scale (EVANS, 1972 after BOSS, 
H.F). The correlation coefficient of the data in figure 4.6 is close to 
zero (-0.181) and taken with the obvious scatter of data points indicates no 
strong relationship.
Discussion of thesedata from pathological and normal cochlear fibres is 
in section 7«1*
4.3a THE MINIMUM THRESHOLDS OF NORMAL COCHLEAR FIBRES.
Figure 4*7 shows the minimum thresholds of over 500 cochlear fibres 
(from 28 kanamycin treated GPs and 12 control GPs) plotted against their CFs.
The filled circles are minimum thresholds of cochlear fibres from normal 
control GPs, and the filled squares are those of fibres from unaffected coch­
lear areas of kanamycin treated GPs. (These are categories 3 and 4, as 
defined in section 4.1). These two categories of fibres overlap completely 
with regard to their minimum threshold properties (as with all other prop­
erties) and it can be inferred that at the time of the electrophysiological 
recording, cochlear areas with a normal hair cell complement gave rise to 
normal cochlear fibre responses despite having presumably been exposed to 
kanamycin weeks earlier. That is, there was no functional abnormality in 
cochlear areas which have resisted damage. In these normal data, the minimum 
thresholds approach to within 10-15 dB of the behavioural threshold (dashed 
curve of figure 4»7 - from HEFFNEB et al. (1971) corrected for the frequency 
response of the external meatus and pinna by EVANS). For frequencies above 
15 kHz there is a discrepancy between the behavioural audiogram and the min­
imum thresholds of normal cochlear fibres. This is discussed fully in section 
7.2.
It can be seen from figure 4*7 that the spread of normal minimum thresholds
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Figure 4 .5 The rate of spontaneous activity of normal cochlear fibres from 
GP plotted against the minimum threshold of each fibre. The 
linear regression of the thresholds on to the spontaneous rates 
of discharge is shown by the dashed line.
Figure 4*6 The rate of spontaneous activity of normal cochlear fibres from 
GP plotted against the 10 dB bandwidth of the FTC of each fibre. 
The 10 dB bandwidth is measured on a square root frequency scale 
to normalize tuning values across the frequency range over which 
the data was pooled (EVANS, 1972 after suggestion of H.F. ROSS). 
The linear regression of bandwidth on to spontaneous activity is 
shown by the dashed line.
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Figure 4.7 The minimum thresholds of over 500 cochlear fibres from 12
normal and 28 kanamycin treated GPs, plotted against the CF of 
each fibre. The fibres are categorized as indicated. The 
dashed curve represents the behavioural audiogram for the GP 
(HEFFNER et al. 1971» corrected for the frequency response of the 
external meatus and pinna by EVANS). The dotted curve, drawn 
near to the lowest minimum thresholds, is the reference against 
which the minimum threshold elevations referred to in the text 
were measured.
at any one frequency is about 40 dB. In individual animals the spread is 
less than 30 dB. This can be observed in figure 4»9 which shows unselected 
FTCs from two control animals.
4.3b THE EFFECTS OF OHC LOSS ON THE MINIMUM THRESHOLDS OF COCHLEAR FIBRES.
As shown in figure 4*7» the minimum thresholds of fibres from regions 
of total OHC loss (iHCs intact; open circles) were all in excess of 'JO dB 
SPL, most of them were between 75-100 dB SPL. In no instance did cochlear 
fibres from regions of total OHC loss have normal minimum thresholds, all 
were elevated 4O-6O dB above normal values. Fibres from regions of partial 
OHC loss (open triangles) had threshold elevations which were typically 20- 
30 dB.
Figures 4«10-4.21 show the FTCs from 12 kanamycin treated GPs. Below 
the electrophysiological data is the cochleogram, appropriately scaled and 
aligned, according to the frequency map used (section 2.9), for comparison .• 
with electrophysiological data. From theseindividual animal data it can be 
seen that fibres from regions of partial OHC loss had a partial elevation of 
minimum threshold, for example in figure 4»H between 3-5 kHz, and in figure 
4.12 between 1-3 kHz. (The dotted or dashed curve in each figure indicates 
the approximate values of normal minimum thresholds and is derived from the 
dotted curve in figure 4*7 .)
The relationship between the elevation in minimum threshold and the
amount of OHC loss is shown in figure 4*8. The elevation in minimum threshold
was measured from the hypothetical normal minimum threshold value shown by
the dotted curve in figure 4*7» The percentage of OHC loss for each fibre
was measured over a 1.2 mm cochlear region, centred at the position assumed
to correspond to the CF of the fibre. 1.2 mm was chosen for convenience 
%
because, in the cochleogram format used for this study, it represents 3 
hair cell binwidths (equivalent to a region containing 450 OHCs). Only 
the minimum threshold of fibres with CFs between 0.2-15 kHz are plotted in 
figure 4.8, thus avoiding fibres at the extremes of the GP hearing range.
There is a considerable scatter of data points in figure 4*8, much of which 
is the inevitable result of pooling data from many animals (28 kanamycin 
treated GPs). Nevertheless, the data suggest a relationship between the 
minimum threshold of a cochlear fibre and the degree of OHC loss in the region 
of the cochlea from which that fibre emanates.
Returning to figure 4.7, the small points are the minimum thresholds 
of fibres from untreated control animals whose cochleas were in poor phys­
iological condition due to low systemic blood pressure, or an interference 
with the local blood supply to the cochlea. Many fibres of this type had
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minimum thresholds which approach the minimum thresholds of the fibres 
from areas of total OHG loss (open circles).
These results, demonstrating the effect of OHC loss on the minimum 
thresholds of cochlear fibres are discussed in section 7*2.
4.4a THE EFFECTS Of OHC LOSS PIT TITS FTCs OF COCHLEAE FIBRES.
FTCs were determined for 699 cochlear fibres;. 162 FTCs were recorded 
from untreated, control C-Ps and 537 were from kanamycin treated animals.
The data from control GPs served for comparison with data from the 
kanamycin treated GPs. FTCs from two control GPs are shown in figure 4.9» 
and are similar to those found by EVANS (1972). Fibres with CFs above 2 kHz 
had FTCs which can be described as having a-low threshold, sharply tuned 
•tip* segment, and a high threshold, broadly tuned 'tail'. For fibres of 
lower CF, the FTCs were more symmetrical (on a. logarithmic frequency scale).
Figures 4.10-1.21 show the FTCs from 12 kanamycin treated GPs (for 
clarity, only a typical sample of FTCs is shown in some of these figures).
In the lower half of each figure is the cochleogram (scaled and aligned 
appropriately with the electrophysiological data) showing the pattern of hair 
ceil degeneration in the cochlea at the time of the FTC recording.
The FTC data of figures 4.9-4.21 were determined by the manual method 
described in section 2.7b. In addition, three other methods of FTC determ­
ination were used. /
l). A semi-automatic threshold following procedure in which the frequ­
ency of a (gated) tone was changed slowly (approximately 0.5 octave/minuteJ 
while its intensity was, repeatedly and by manual adjustment, increased(until 
the tone just stimulated the fibre) and then reduced well below threshold.
2 a 3). Two methods of completely automatic FTC determination.
These experiments were carried out in conjunction with E.F. EVANS; figures 
4.22 & 4.23 show some of the results. Figure 4.22 illustrates a sample of 
FTCs determined using a threshold following paradigm in which the intensity 
of a pore tone stimulus was automatically adjusted to maintain a constant 
threshold criterion (e.g. one or two spikes difference between a period of 
stimulation and an identical period without stimulation) as the frequency of 
the stimulus was slowly changed^(see EVANS oe WILSON, 1975 for methods). In 
figure 4.23 the FTCs were determined by the threshold following paradigm as 
well as (in five examples shown) a method in which pure tone stimuli were 
presented in a pseudo-random sequence to cover a large area of frequency & 
intensity space (5 octaves x 60 dB; see EVANS 19f4b for method). In both 
figures (4.22 a  +.23) the place of origin cf the cochlear fibres from which 
the FTCs were determined is indicated above the cochleogram.
3 r.yc determinations were made with at least one upward and one downward 
frequency sweep (except unit o91.0l3 in fig.4.23) in order to control 
for hysteresis in the tracking paradigm.
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Figure 4.9 Frequency threshold curves of a representative sample of cochlear 
fibres from two normal GPs. Thresholds measured in dB S?L at 
the tympanic membrane.
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Figures 4*10“ 
4.21
(see over for 
4 .14_4 * 3D  •
The effects of kanacjycin induced hair cell loss on cochlear 
fibre FTCs. The top half of each figure shows a represent­
ative sample of FTCs from an individual kanamycin treated 
GP. The dashed or dotted curve in each case indicates 
the approximate minimum threshold values for normal cochlear 
fibres, derived from the most sensitive minimum thresholds 
of normal cochlear fibres. The lower half of each figure 
is the cochleogram showing the percentage of hair cells 
remaining in the cochlea at the time of the physiological 
recording. The striped region along the length scale of 
some of the cochleograms indicates areas where the histo­
logical assessment of cochlear damage was not possible.
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Figure 4*22 The effects of kanamycin induced hair cell loss on cochlear
fibre FTCs. A representative sample of 6 FTCs from a kanamycin 
treated G? are shown. The FTCs were determined by an automatic 
threshold following paradigm (see text for details). The 
stimulus levels are given in relative terms of the electrical 
input to the condenser earphone, and they represent approximate 
6) d3 SPL at the tympanic membrane. The variation in stimulus 
level across frequency is indicated by the plot of dB SPL, at 
the tympanic membrane, for a ¿00 V p.p. signal into the condenser 
earphone. The cochleo^ ram shows the percenta0e of hair cells 
remaining in tne cochlea at the time of the physiological recording.
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Figure 4>23 The effect of kanamycin induced hair cell loss on cochlear 
litre FTCs. A sample of 7 FTCs from a kanamycin treated GP 
is shown. The FTCs were determined by: a) a threshold 
following paradigm (upper curves of FTC pairs, see text for 
'details;, and b) in five examples shown, by a method in 
which the fibre is presented with gated pure tone stimuli in a 
pseudo-random sequence to cover a large area of frequency and 
intensity space. The fibre's response to each stimulus frequency/ 
intensity combinations is indicated by the length of the appro­
priate vertical dash. The stimulus levels are given in relative 
terms of the electrical input to the condenser earphone and they 
represent approximate (_+ 6) dB SPL at the tympanic membrane.
The variation in stimulus level across frequency is indicated by the 
plot of dB SPL, at the tympanic membrane, for a 200 v p.p. signal 
into the condenser earphone. The cochleogram shows the percentage 
of hair cells remaining in the cochlea at the time of the 
physiological recording.
The consistent l'inding was of a deterioration of the tuning properties 
of cochlear fibres from regions of CHC loss, most obviously in fibres from 
regions of total OHC loss. Qualitatively, the changes in FICs could be 
described as a loss of the low threshold, sharply tuned region of the FTC 
leaving behind a broadly tuned, high threshold FTC.
In order to assess the changes in cochlear tuning which accompany the 
loss of OHCs, the FTC can-be conveniently characterized in terms of the steep­
ness of its high and low frequency cut— off slopes, and its lOdB bandwidth.
4.4b  CHANGES IN FTC BANDV.IDTH AFTER OHC LOSS.
The relative sharpness of cochlear fibre tuning is commonly expressed in 
terms of the 0 ^  value of the FTC (the CF of the unit divided by bandwidth 
of the FTC 1C dB above minimum threshold). These values for over 350 fibres 
are plotted against the characteristic frequency of the fibres in figure 4.24.
The Q 10 dBvalues of normal cochlear fibres (filled symbols) show an
increase in sharpness of tuning with increasing CF of the fibres. This is a 
feature common to normal fibres in the mammals which have been investigated 
(see EVANS 1975& for review)*
Cochlear fibres from regions of CHC degeneration (open symbols) showed 
a decrease in Q ^  ^value indicating a broadening of tuning. Fibres from 
areas of total OHC loss (open circles) have Q ^  ^  values of C.3-3 (CFs 2- 
22 kHz) compared with normal values of approximately 2-6 at 2 kHz end up to 
about 4-10 at 20 kHz. Thus the tuning of fibres from regions of total OHC
loss is 5~10 times less sharp than normal in terms of their Q-- values.10 QJ
It is worth noting that the ^  values of such pathological fibres are 
similar to the equivalent values for the BM mechanical tuning measurements. 
Such values are indicated in figure 4.24 by the star symbols joined by the 
dashed line (see figure legend for details).
Fibres from cochlear regions where row 1 OHCs were lost (a common feature 
in the kanamycin treated cochlea see figure 3*1, cochleoerams G-P) also had, 
on average, lower ^  values than normal fibres.
The small points in figure 4*24 show that the fibres from control anisials 
which had suffered cochlear hypoxia, often had low Q ^  values reflecting 
modification of the FTC in a manner similar to the changes accompanying OHC
loss.
In figures 4*25 4*26 respectively, the steepness (in aB/octave) of the
high and low frequency cut-off slopes-^of• the FTCs are plotted against the CF.
In normal cochlear fibres (filled symbols) the steepness of the high 
frequency (HF) cut-off slope increases with increasing fibre CF from approx­
imately 30 dB/octave at 0.5 kHz to 60 d3/octave at 2 kHz. At 10 kHz the maj­
ority of fibres have FTCs with HI' cut-off slopes of between 15G-500 dB/octavo,
3 All cut-off slopes were computed 5~25 ¿3 above minimum threshold.
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Figure 4*24 The sharpness of cochlear tuning expressed as the 4-^ , ^ of
the FTC for cochlear fibres from normal and kanam^cin treated 
GPs, plotted against the CF of each fibre. The fibres are 
categorized as indicated in the key. The star symbols (joined 
by the dashed line; taken from EVANS, 1975a) show the 
values for direct basilar membrane tuning measurements:" The 
points below 1 kHz are the data of VON slkESY (1944) and the 
filled stars those of WILSON oc. JOHNSTONE 1972.
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Figure h .25 The slopes of the high frequency cut-off of cochlear fibre
FTCs recorded from normal and kanamycin treated GPs, plotted 
against the CF of each fibre. The slopes are measured over a 
region 5~25 dB above the minimum threshold of the fibre.
The fibres are categorized as indicated in the key. The star 
symbols (joined by the dashed line; taken from EVANS 1975a) 
show analogous HF cut-off slope values for the basilar membrane 
tuning measurements bj VON BEKESY (1944, points below 1 kHz) 
and by WILSON « JOHNSTONE, 1972 (filled stars).
S
LO
P
E 
O
F 
LO
W
 F
R
EQ
U
EN
CY
 
C
U
T
-O
FF
 
(d
B
/O
C
T
A
V
E
)
- 83 -
Figure 4.26 The slopes of the low frequency cut-off of cochlear fibres
FTCs recorded from normal and kanamycin treated GPs, plotted 
against the CF of each fibre. The slopes are measured over 
a region 5-25 dB above the minimum threshold of the fibre.
The fibres are categorized as indicated in the key. The star 
symbols (joined by the dashed line; taked from EVANS 1975=0 
show analogous LF cut-off slope values for the basilar membrane 
tuning measurements by VON BEKESY (l944> points below 1 kHz), 
and by WILSON & JOHNSTONE, 1972 (filled stars).
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and sometimes steeper. In fibres from areas of total OHC loss (open circles) 
the HF cut-off slope of the FTC is reduced to approximately 20-80 dB/octave. 
The HF cut-off slope of most of these pathological fibres is much less steep 
than the corresponding HF cut-off slope of the measured BM tuning (star 
symbols <Sc dashed line in figure 4*25» see legend for details).
The normal low frequency (LF) cut-off slopes (filled symbols) of figure 
4.26 increase from approximately 20 dB/octave below 0 .5  kHz to 30-40 dB/octave 
at 2 kHz. For fibres above 2 kHz the low frequency cut-off slopes become 
much steeper, and can reach 150 dB/octave at CFs around 10 kHz. In fibres 
from areas of total OHC loss (open circles) the-LF cut-off is reduced, often 
to 1-2 dB/octave - reflecting the change of FTC tuning from a band-pass to 
almost a low-pass characteristic.
4.4c THE DEPENDENCE OF FTC BANDWIDTH AND CUT-OFF SLOPES OH MINIMUM 
THRESHOLD ELEVATION.
In figure 4*27 the 10 dB bandwidths(in octaves) of 450 cochlear fibres 
are plotted against the threshold elevation of the cochlear fibre in dBs. 
Because threshold and tuning properties of normal cochlear fibres change 
systematically with CF, correlations between bandwidth and threshold elevation 
can only be justifiably made on fibres within a restricted range of CFs. In 
figure 4 .2 7 this was carried out for six octave ranges from 0.5 kHz to 16 kHz 
and above. The dashed line joins the mean bandwidth values calculated within 
20 dB overlapping segments.
For fibres with CFs below about 2 kHz, the bandwidth increased approx­
imately linearly with dB threshold elevation. For fibres with CFs above 2 
kHz, the relationship was not linear, and large changes in bandwidth only 
occurred .‘if the threshold elevation exceeded approximately 40 dB.
Figure 4*28 shows the changes in the HF cut-off slope of cochlear fibre 
FTCs with various degrees of threshold elevation. The dotted line joins the 
mean cut-off slope values calculated within 20 dB overlapping segments.
There was considerable scatter particularly for the slopes of normal fibres 
with high CFs. For fibres with CFs above 2 kHz, the HF cut-off slope decreased 
with threshold elevations greater than 4O dB, by 50-60$ (on average). For 
fibres with low CFs (below 2 kHz) there was very little change in FTC HF cut­
off slopes with threshold elevation.
In figure 4*29 the LF cut-off slopes of the FTCs of cochlear fibres are 
plotted against the threshold elevation of each fibre. It is more difficult
4 Only cochlear fibres with threshold elevation which accompanied OHC loss 
are under consideration) data from fibres with acute pathology are not 
included.
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Figure 4«27 The relationship between the bandwidth of cochlear fibre 
FTCs from normal and kanan^ycin treated GPs, and the 
minimum threshold elevation of each fibre. The threshold 
elevation is measured from a hypothetical normal value 
based on the most sensitive minimum thresholds found in 
normal cochlear fibres. Data from 450 fibres from 33 GPs 
are pooled within octave bands as indicated. The filled 
symbols indicate fibres from normal cochlear regions 
(no OHC loss). Open triangles and circles indicate fibres 
from regions of partial and total OHC loss respectively, 
but with IHCs intact. The dotted line joins the mean band­
width values for fibres falling within overlapping 20 dB 
ranges.
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Figure 4*26 The relationship between the high frequency cut-off slope 
of cochlear fibre FTCs (5-25 ¿3 above minimum threshold) 
from normal and kanamycin treated GPs, and the minimum 
threshold elevation of each fibre. The threshold elevation 
i 3  measured from a hypothetical normal value based on the 
most sensitive minimum threshold founa in normal cochlear 
fibres. Data from 450 fibres from 33 CJPs are pooled with­
in octave bands as indicated. The filled symbols indicate 
fibres from normal cochlear regions (no OHC loss). Open 
triangles and circles indicate fibres from regions of 
partial and total OHC loss respectively, but with IHCs 
intact. The cashed line joins the m-^ an cut-off slope 
values for fibres falling within overlapping 20 dB ranges.
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Figure 4«29 The relationship between the low frequency cut-off slope 
of cochlear fibre FTCs (5-25 dB above minimum threshold) 
from normal and kanamycin treated GPs, and the minimum 
threshold elevation of each fibre. The threshold elevation 
is measured from a hypothetical normal value based on the 
most sensitive minimum thresholds found in normal cochlear 
fibres. Data from 450 fibres from 33 GPs are pooled within 
octave bands as indicated. The filled symbols indicate 
fibres from normal cochlear regions (no OHC loss). Open 
triangles and circles indicate fibres from regions of 
partial and total OHC loss respectively, but with IHCs 
intact. The dashed line joins the mean cut-off slope values 
for fibres falling within overlapping 20 dB ranges.
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to generalize about the changes in the LF cut-off slope from this figure 
because the LF cut-off sloi>e of FTCs from normal cochlear fibres is made up 
of two sections. Hear to the tip of the normal FTC the LF cut-off is rela­
tively steep. At high intensity it flattens out and forms the FTC tail.
The slope of the low frequency slope of the FTC is computed 5~25 dB above 
minimum threshold and thus for low threshold fibres, the computed slope will 
be the steep slope near the FTC tip. For fibres of increasingly elevated 
thresholds, the computed slope will increasingly reflect the low slope of 
the tail. The point of inflexion in the mean curves (dotted lines) of figure 
4 .2 9 indicates that loss of any steep component to the LF cut-off occurs in 
fibres with threshold elevation of approximately 40 dB.
Returning to a more qualitative description of the changes in FTC, with 
threshold elevation, figure 4*30 shows a sample of FTCs from normal and kana- 
mycin treated GPs, grouped according to their CF. The scale for individual 
FTCs is shown above the figure, and the FTCs are positioned vertically accord­
ing to the elevation of their minimum thresholds (indicated on the adjacent 
scale). The changes could well be described as a gradual shortening of the 
sharply tuned tip segment of the FTC until at 4O-5O dB of threshold elevation, 
only a broadly tuned FTC remains.
The results of the cochlear fibre studies reported in this chapter are 
briefly discussed in chapter 7»
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Figure 4*30 A qualitative illustration of the changes in FTC which accompany 
increasing degrees of OHC loss, a sample of 64 cochlear fibre 
FTCs from normal and kanamycin treated GPs are grouped according 
to the fibre CF. Each FTC is plotted on the scale shown (top 
left of figure). For clarity, the CFs of the FTCs are dis­
placed vertically and positioned according to the elevation of 
their minimum thresholds(indicated on the right hand scale).
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CHAPTER 5
RESULTS» COCHLEAR ACTION POTENTIAL (CAP) STUDIES.
5.1 CAP THRESHOLDS TO FREQUENCY SPECIFIC (TONE.PIP) STIMULI.
5.2 CAP AMPLITUDE <5c LATENCY' : INTENSITY FUNCTIONS IN NORMAL AND 
PATHOLOGICAL GUINEA PIG COCHLEAS.
5.2a CAP AMPLITUDE 8c LATENCY, : INTENSITY FUNCTIONS IN NORMAL COCHLEAS 
5.2b CAP LATENCY : INTENSITY FUNCTIONS IN PATHOLOGICAL COCHLEAS.
The secondary aim of the present study was to investigate how CAPs 
are related to single cochlear fibre recordings in the same animal. Two 
types of CAP measurement have been investigated»
a) The thresholds of CAP responses to frequency specific (tone pip) 
stimuli, and
b) the amplitude : intensity and latency ; intensity functions.
5.1 CAP THRESHOLDS TO FREQUENCY SPECIFIC (TQKB PIP) STTfULI.
The question asked was» how far can CAP thresholds serve as an indication 
of individual cochlear fibre thresholds in the normal cochlea, and under 
various conditions of hair cell loss?
The CAP thresholds (determined by visual detection of the response of 
appropriate latency on the oscilloscope trace) to tone pip stimuli, have been 
measured in 48 GPs (36 kanaaycin treated animals and 12 normal controls).
In each animal the CAP thresholds were determined at 10-20 frequencies in 
the range O.5-4O kHz, thus obtaining the CAP audiogram. The tone pip stimuli 
were of 4 ms duration, 2 ms rise/fall times (methods section 2.7a).
The usefulness of the CAP audiogram for indicating the threshold of 
response across the frequency range has been investigated most directly, by 
comparison of the CAP threshold with the minimum thresholds of single cochlear 
fibres. A less direct comparison could also be made between CAP threshold 
elevations and the corresponding degree of hair cell loss in the cochlea, 
because the approximate minimum threshold elevation of cochlear fibre responses 
can he inferred from the percentage of hair cell loss in the cochlear region 
from which they originate (section 4«3b» figure 4.8).
Figure 5.1 shows the CAP audiograms (dotted curve joining filled circles) 
for two normal control GPs. Superimposed»for comparison,are the FTCs from a 
representative sample of cochlear fibres from the same animal. In figures 
5.2-5*9» the CAP audiograms (dotted curves) for eight kanamycin treated GPs 
are compared with the FTCs of cochlear fibres from the same animals. The 
cochleograms show the $ of hair cell loss in each cochlea: from which the CAP 
& FTCs were obtained. For both normal and pathological cochleas,the CAP 
thresholds reflect the minimum thresholds of cochlear fibres 
relatively well, down to frequencies of about licHz (see-next paragraph for 
exact relationship). Furthermore,the CAP audiogram indicates the extent and 
degree of the cochlear lesion. Thus, where there is severe or total OHC loss, 
the CAP audiogram is elevated some 40-60 dB. Where extensive regions of total 
hair cell loss occur (inner <fc outer) the cut-off of the CAP audiogram clearly 
marks the extent of the lesion, for example the basal 5 mm of 6C6 (figure 
5*8). Even the presence of small areas of residual and functioning hair cells
is clearly revealed by the CAP audiogram (figure 5*9)»
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Figure 5.1 A comparison of the CAP audiogram(dotted curve joining filled 
circles) and cochlear fibre FTCs (continuous curves) in two 
normal GPs. Thresholds measured in dB SPL at the tympanic 
membrane.
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Figures 5*2 CAP audiograms (dotted curves) compared with cochlear fibre 
- 5 .5 FTCs in four kanamycin treated GPs. Thresholds measured in
dB SPL at the tympanic membrane.
The cochleograms indicate the percentage of hair cell in 
each cochlea from which the CAP audiogram and FTCs were deter­
mined. The striped region in some cochleograms indicates a 
region of the cochlea not examined histologically.
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In an attempt to define more exactly the relationship between the single 
fibre minimum thresholds and the corresponding CA? threshold, the deviation 
of the single fibre thresholds from the CAP audiogram as a function of 
frequency has been plotted in figure 5*1°* There is some scatter in the data, 
with 66^ 0 of the minimum thresholds within IOdB, and 95/^  within 20 aB of the 
CAP audiogram. There are also two trends apparent in the data. At low 
frequencies (below 2-3 kHz) the CAP thresholds are often higher than single 
fibre minimum thresholds, and at high frequencies the reverse is often the 
case, i.e. cochlear fibres have higher minimum thresholds than the measured 
CAP threshold. These results are discussed in section 8.1.
The CAP audiogram is also usei'ul for monitoring acute changes in cochlear 
function such as those which could occur during the course of an experiment. 
For example, manipulation of the brain stem during electrode placement in the 
cochlear nerve will sometimes interfere with the cochlear blood supply caus­
ing cochlear hypoxia. Figure 5*11 illustrates how the CAP audiogram can 
reflectacross frequency, threshold elevation caused by such cochlear hypoxia. 
Acute changes in the CAP audiograms for three GPs are shown. The initial 
CAP audiogram is indicated by the dashed curve, the final one by the contin­
uous curve. The dotted curves in 543 fit 520 are CA? audicgi'ams determined 
during the course of the cochlear deterioration. The filled symbols are the 
minimum thresholds of cochlear fibres which were determined subsequent to 
the cochlear deterioration and therefore correspond more closely to the final
CAP audiogram. • ‘
3
The threshold of a click evoked CAP was measured immediately before or 
after plotting the CAP audiograms of figure 5*H; and is indicated by the 
arrows to the right of each diagram (threshold level in peak equivalent3 4d3 
SPL). The th reshold elevation of the click evoked response matched the 
threshold e lev atio n  of the lowest threshold values of the CaP audiogram.
This is not surprising, and is evidence that the CA? threshold to a broad­
band-stimulus is primarily determined by the most sensitive region of the 
audiogram.
3 50 ns duration click; threshold criterion as for CAP audiogram.
4 equivalent to peak value of a 10 kHz signal.
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Figure 5*10 The deviation (dB) of the minimum thresholds of cochlear fibres 
(filled symbols) from the CAP thresholds (dashed line) plotted 
against stimulus frequency.
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Figure 5*11 CAP audiograms from three GPs, measured before (dashed curves) 
and after (continuous curves) cochlear hypoxia. (The dotted 
curves of 543 oe 520 are CAP audiograms determined during the 
deterioration). To the right of each figure are indicated the 
CAP thresholds to a click stimulus (50 ps) measured immediately 
before or after the corresponding CAP audiogram (threshold 
level in peak equivalent dB SPL). The filled circles are the 
minimum thresholds of cochlear fibres determined after the 
acute cochlear hypoxia.
-  97 -
5.2 AMPLITUDE AHD LATENCY : INTENSITY FUNCTIONS IN NORMAL AND PATHOLOGICAL
GUINEA PIG CuCHlEAS.
The purpose of this study on amplitude and latency : intensity functions 
was two fold (for details see introduction section 1.1b). In brief it was 
aimed:
a) to test some models of the origin of the shape of the amplitude 
and latency 5 intensity functions, particularly predictions of those models 
with regard to the shapo of she functions in cochlear pathology ana's
b) to determine which features (if any) of such functions are useful 
indicators of the degree or extent of a cochlear lesion.
To these ends, the functions have been measured in normal GP cochleas 
and those with lesions caused by kanamycin poisoning, and the main charac­
teristics of these functions (e.g. maximum amplitude, threshold, steepness 
of slope)are here defined,.
5.2a AlPsITJIfl Alii) LATENCY : INiENblVY FUNCTIONS Ili liOBXAL COCHLEAS.
Figure 5*12 shows the amplitude and latency ; intensity functions of 
the first negative going peak (Hi) of the CAPs evoked by unfiltered click 
stimuli. The results are from eight control GFs. Each data point of
tho function is an average of 3'^ —¿00 responses. The rate of stimulus 
presentation was ?/s; the use of a 200 ms inter-stimulus interval (ISI) avoided 
any response equilibration? In the functions of figure 5*12, the amplitude is 
expressed as a percentage of the CAP amplitude obtained with tho maximum 
stimulus level. This amplitude is indicated on each function end for normal 
cochleas was approximately ('.5 mV (there was some variability, 0.3-0.68 mV).
The amplituae of the CAP increased almost linearly with increasing stimulus 
intensity expressed in dE. Only the cochleas with slight (6-10 dB) elevation 
in CAP threshold (543 o: 61 >) could be described as having amplitude functions 
made up of two segments. In these cases, the CAP ampiituue grew slowly at 
low intensities, and much more rapidly at high intensities.
6 equilibration (often termed cochlear adaptation) is the decrease in 
amplitude of the CAP response with decrease in ISI. 120 ms is the 
smallest ISI for which no equilibration occurs in GP (EGGEiaOHT «
ODEHTHAL, 1974)*
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FIGU.;E 5*12 Click evoked CAP amplitude and latency : intensity functions from 
eight control GPs. The elicit stimulus duration was 25 or 5C yis 
as indicated. The amplitude measurement was measured from the 
averaged waveform as depicted in tie lower right hand diagram.
The latency of the CAT ( N ] } was measured from the electrical 
pulse wave-form and then corrected for acoustic delay of 0.09 ms 
The CAP amplitude is plotted as a percentage of its response to 
maximum stimulation (the absolute amplitude values are indicated) 
The stimulus intensity is given in peak equivalent terms, re. a 
10 kHz pure tone. The recording electrode was positioned on the 
cochlea, near to the round window. The indifferent electrode was 
on neck musculature.
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Figure 5*13 shows CAP amplitude : intensity functions from five nonnal 
cochleas using tone pip stimuli ( 4  ms duration, 2 res rise/fall times).
Bach data point is an average of 50-200 responses. In contrast to the linear 
xunctions (intensity in dB) for click stimuli, the normal amplitude« 
intensity functions using frequency specific stimuli had curves with more 
definitely steeper slopes at high stimulus intensity than at low intensities.
The maximum amplitude of the tone evoked CAP was smaller than the maximum 
click evoked CAP. With the stimulus used in this study (2 ms rise time) the 
maximum amplitude was about 0.2 mV.
For figure 5*42, the latency of the click evoked CAP (lij) was measured 
from the peak of the electrical pulse wave-form, and has been corrected for 
an acoustic delay of 0.09ms. The latency: intensity functions were similar 
between animals, and indicated a CAP latency near threshold of approximately
1.5 ms, which decreased at maximum stimulation to less than 1.0 ms. The two 
cochleas of fisure 5*12 with slight threshold elevations (543 613, bottom
row) had significantly shorter CAP latencies at maximum stimulus intensity.
The latencies of CAP responses to tone pips were not measured because, depending 
on the stimulus intensity, the CAP w'ill be initiated at a different (unknown) 
point on the stimulus envelope rise time.
5.2b AffLIbb-h Al.D LAISfCY : I-iElblTl FUJCTlQhb IN PATHOLOGICAL COCHLSAS.
The result of severe OHC lose on the amplitude and latency l intensity 
functions is illustrated in figures 5.I4-5.I8. The pattern and degree of 
hair cell loss is indicated by the appropriate cochleogram .
The click evoked amplitude l intensity function in figure 5«44 ras 
threshold and maximum amplitude value within the normal range despite the 
total uliC loss in the basal 3-4 mm of the cochlea. In the more severely 
damaged cocnleas of figures 5*15 and 5*46, the c4ick evoked amplitude functions 
show somewhat reduced maximum amplitudes (0.1 mV dc 0.075 mV) and a ^C-50 a3 
threshold elevation. However, tne value of maximum amplitude is extremely 
variable between cochleas vhich have very similar patterns of hair cell loss. 
Thus in figure 5*18, cochleas 554, 54&, 566, 572, oc 566 have similar OHC 
losses, but the maximum amplitudes vary from 0.5 mV- 0.07 mV. As a conseq­
uence of this variation, the slope of such functions may or may not be 
steeper than normal functions at the same stimulus intensities. This is 
clearly illustrated in figure 5*18« cochleas 554 <sc 572 have steep amplitude: 
intensity functions (10-20 |uV/d3), wr.ereas functions from similarly damaged 
cochleas 566 and 5°o have much less steep slopes (2-3 pV/dB).
In figure 5*14, the amplitude : intensity function for the 15 kHz stim­
ulus is typical of those functions in which the stimulus frequency corresponds
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FIGU3E 5*13 Tone pip evoked CAP amplitude i intensity functions of five 
control GPs. The stimulus was a 2 ms rise/fall gated tone 
(frequency as indicated). The CAP amplitude is plotted as a 
percentage of its response to maximum stimulation (the abso­
lute amplitude values are indicated). The stimulus intensities 
indicated are in dB SPL ± 5 dB. The recording electrode was 
positioned on the cochlea, near to the round window. The 
indifferent electrode was on neck muscles.
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i  IGTJ .£i >•!-, ione pip (2 ms rise/fall times) evoked CAP amplitude*
intensity functions, and click (5Cps) evoked amplitude and 
latency : intensity functions from a kanamycin poisoned GP.
ihe cochlear lesion is indicated by the cochleogram and 
in the CAP audiogram in the upper section of the figure.
The amplitudes of the CAP responses are expressed as the 
percentage of their responses to maximum stimulation. The 
stimulus intensities indicated are in d3 SPL ± 5 dB. For 
the click stimulus, intensity is expressed in peak equiv­
alent terms re. a pure tone at lu kHz. The recording 
electrode was positioned on the cochlea, near to the round 
window. The indifferent electrode was on neck muscles.
a
m
p
l
it
u
d
e 
(%
)
102
(mm)
(p.G d B  SP L )  I d B  S P L )
Figure 5.15 see figure 5*14 ior legend
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Figure 5.I6 See figure 5 .I4 for legend
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FIGUaS 5*1/ ions pip evoked CAP amplitude : intensity functions for five 
normal control GPs (left) and six kanaxycin treated GPs 
(rignt). The stimulus was a 4 ms tone pip ( 2 ms rise/fall 
timesj at the frequency indicated. The cochleograms on the 
right indicate the extent of the cochlear lesion when the 
amplitude s intensity functions were determined. The 
amplitude of these functions are plotted absolutely, in mV. 
The stimulus intensities indicated are in dB SPL + 5 ah.
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i IG'JRE 5.1c Click (5C (is) evoked CAP amplitude : intensity functions
Ilor-flal control GPs (left) and nine kanamycin treated 
(right,. The cochleograms indicate the extent of the 
cochlear lesion when the amplitude s intensity functions 
were determined. The amplitude of these functions are 
plotted absolutely, in mV. The stimulus intensities are 
¿iven in peak equivalent terms re. a pure tone at 10 kHz.
to a region of the cochlea with total OHC loss. Further examples are shown 
in figures 5*15~5*17* The latter figure shows that all these functions have 
similarly elevated thresholds (4O-5O dB) and reduced maximum amplitudes. In 
many cases, there is a tendency for the function to have a plateau at high 
intensities of stimulation. Because the maximum amplitude of these functions, 
in cochleas with similar lesions, is less variable than for click stimulation, 
the slope of the function is less variable (as a comparison of figures 5*17 & 
5.18 illustrates). The steepness of these slopes typically approach the 
slope steepness of normal functions at similar stimulus intensities (c. 5 pV/ 
dB).
The amplitude : intensity functions are discussed in sections 8.2 <x 8.3.
The latency' ! intensity functions (click stimulus) shown in figures 5*15 
and 5 .I6 for severely damaged cochleas are typical for the pattern of hair cell 
lesion shown (i.e. extensive basal OKC loss). Bear threshold, the response 
has a long latency of 2 ms which rapidly shortens with increasing intensity, 
and reaches a 'normal' value (approximately 1 ms) at maximum stimulus intensity.
Figure 5»T9 shows the result of an experiment during which an acute 
deterioration of cochlear function occurred caused by cochlear hypoxia. The 
CAP audiogram, and CAP amplitude and latency functions were measured before 
(dashed curves) and after (continuous curves) the deterioration. In this 
case the maximum CAP amplitude changed little; the threshold was elevated by 
40 dB. The latency functions show that both at threshold, and at maximum 
stimulus intensities, the CAP latencies were similar before and after cochlear 
hypoxia.
These latency:: intensity functions are discussed in section 8.4.
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rlG'J.ui 5*19 uAP audiograms, and click evoked GAP amplitude and latency» 
intensity functions, before (dashed curves) and after 
(continuous curves, acute cochlear hypoxia. The amplitude 
of the CAP is expressed as a percentage of its response to 
maximum stimulation. Stimulus intensity is given in peak 
equivalent terms re.pure tone at 1C kHz.
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DISCUSSION i HAIR CELL DEGENERATION.
6.1 THE PATTERNS OF HAIR CELL DEGENERATION FOUND IN THE PRESENT STUDY.
6.2 CONSIDERATIONS ON THE QUESTION OF WHETHER HAIR CELLS SURVIVING 
KANAMYCIN ARE NORMAL.
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6.1 THE PATTERNS OF HAIR CBLL DEGENERATION FOUND IN, THE PRESENT STUDY.
The patterns of hair cell degeneration found in the present study comp­
ared well with previous studies of kanamycin damage in GP cochleas. These 
previous studies included those in which the hair cell degeneration for the 
whole cochlear length was mapped out in detail (DALLOS k WANG, 1974? YLIKOSKI, 
1974) as well as others in which only restricted regions of the cochlea were 
sampled (e.g.HAWKINS, 1959? WARD k FERNANDEZ, 1961; HAWKINS k  ENGSTROli, 1964? 
KOHONEN, 1965; ENGSTROM et al. 19665 LUNDQUIST k WERSALL, 1966? GONZALEZ et al. 
1972? HARSFUR k D’ARCY, 1975) or in which less detailed whole cochleograms 
were made (ROMAHN k BOEEGER, 1977).
The present study has thus confirmed many of the salient features of 
aminoglycoside induced hair cell degeneration e.g.OHC vulnerability at the 
basal region of the cochlea? IHC degeneration sometimes starting from the 
apical region? the symmetry between the patterns of degeneration in the two 
ears,and the great variation in susceptibility to kanamycin between individual 
animals.
6.2 CONSIDERATIONS ON THE QUESTION OF WHETHER HAIR CELLS SURVIVING KANAYYCIN 
ARE NORMAL.
Some of the conclusions drawn from the results of this study concerning 
the effect of total OHC loss on cochlear response properties (see discussion 
chapter 7)» depend on the validity of the assumption that the IHCs in regions 
of total OHC loss are themselves unaffected by the kanamycin - as suggested by 
their appearance under light microscopy. From the present data, no categorical 
statement can be made on this point, however the following considerations 
support the assumption.
Firstly, electron microscopic studies on hair cells remaining in GPs 
after similar regimes of kanamycin administration and recovery period, show 
no gross structural abnormalities (e.g YLIKOSKI, 1974? see section 1.4d for 
full review). Secondly, the present study has shown that the responses of 
cochlear fibres originating from regions of kanamycin treated cochleas where 
all hair cells remain, are similar in all respects to the responses obtained 
from normal animals despite, presumably, a sub-critical exposure of the hair 
cells to kanamycin (compare data indicated by filled circles and filled square 
symbols in figures 4.7 , 4.24, 4.25, 4.26). Thirdly, the close correlation 
between normal and abnormal cochlear fibre responses and the transition between 
the presence and absence of OHCs is compelling. There is no reason to expect
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an identical locus of IKC damage, particularly in the absence if any morpho­
logical correlate of that transition in the IKCb .
These arguments are, of course, not conclusive. The possibility that 
IECs remaining after OHC loss are functionally abnormal, because of previous 
exposure to kanamycin, has to be borne in mind.
6.3 POSSIBLE CA'JBE, AED IMPLICATIONS- OF TEE EXTENSIVE IMG LOSS FOUND IK 
THE LQKO YBRX AFTER KANATYCIX TR3ATMEHT.
The present investigation has found that cochleas poisoned with kanamycin 
had, in the long term, extensive IHC degeneration as well as OHC loss (section
3.3). Although this IHC loss has been found in other studies, little attention 
ha3 been drawn to it. ARAN « DaP-ROUZET (1975) using the same kanamycin dosage 
regime in the GP (4OO mg/kg/day for 8 days) found, after many months, both 
inner and outer hair cell loss at the base of the cochleas.
Another example of this finding came from the work of KIANG and his co- 
workers. The study of KIANG et al. (197C) was based on eleven kanamycin 
treated cats, four of which were sacrificed 19-35 ¿ays after the final kana­
mycin injection, ana seven of which were sacrificed 135-168 days after treatmen 
In a later study by AT AEG et al (1976), cochlear pathology was investigated in 
cats 4-5^ - years after kanamycin intoxication. Figure (6.l) shows the ccchleo- 
grams from a sample of the kanamycin treated cats from the two above studies. 
Cochleograms A ic B are from animals sacrificed soon after treatment (19 ¿c 35 
days respectively) and show extensive regions of CHC loss for large parts of 
which the corresponding.IKCs are intact. Cochleograms C - F are from the cats 
sacrificed 135-168 days after treatment, showing more IHC loss than A oe B. 
Cochleogram G (different format) indicates that 4 years after kanamycin, there 
was no extensive region of OHC loss in which IHCs remained intact. It can also 
be noted from cochleogram G (graph IvF) that extensive neural degeneration has 
occurred, probably as a consequence of the IHC loss (SFOEliBLd 1973).
In the kanamycin treated macaque monkey, STE3BIX5 et al. (1969)* noted 
extensive IHC <jc OHC degeneration after 211 days of continuous kanamycin 
treatment.
YLIKOdKI (1974), investigating neural degeneration in GP after adminis­
tration of a variety cf aminoglycosides, demonstrated that with long survival 
time3 after dosage there was' considerable neural degeneration. This is in­
direct evidence for IHC degeneration because such neural degeneration only 
occurs after IHC loss (SPJEHDLIN, 1973).
In contrast to the results of the present study, and the others citea 
above, DnlLCo (personal comm. 19/7) using the same dosage regime as the 
present study, could not find any evidence of long term IHC loss. The 
reason for this discrepancy is unclear.
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Figure 6.1 (From KIANG ot al. 1970? KIAliG et al. 1976). Cochleogramo 
oi kanamycin treated cats at various times after kanaqycin 
treatment (19 days - 4 years), to illustrate the long term 
degeneration of ItiCs after OrIC loss.
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A possible cause of long torn IKC loss found in this and the other studies 
mentioned, may have been that during kanamycin poisoning, IHCs were affected 
as well as the OHCs, tut their ultimate deterioration was delayed or had a 
very slow time course and only manifested itself in the long term. If this 
were so, then it may cast doubt on the assumption that IHCs are functionally 
normal after kanamycin intoxication. However, certain aspects of the IHC 
degeneration argue against the idea that the IHCs were directly affected by 
kanamycin.
Firstly, from the known sequence of kanamycin induced hair cell degen­
eration (see section 3.1; it appears that when damage to the IHCs occurs, 
caused directly by kanamycin, it is manifest by IHC loss at the apex ra'cher 
than at the ba.je of the cochlea1 (e.g. KOHONEN, 1965; EALLOS, 1973)» This 
being so, even long term IHC damage, if it was caused directly by kanamycin 
poisoning, would be expected to damage the apical IHCs first. Clearly this 
is not the case, as figure 3.6 illustrates, thus arguing against the idea of 
kanamycin being directly responsible for long term IHC loss.
Secondly, given that all rov/s of hair cells have different susceptibility 
to, cr different exposure to the ototoxic effects of kanamycin, it is diff­
icult to see why the long term IHC degeneration should always extend up to 
the region where CHC remain even if there is only a sparse residual population 
(e.g.8-11 mm from the basal end of cochlea 545 in figure 3.6). Indeed, it is 
tempting to suggest that the IHCs are dependent on the presence of some OHCs 
for their maintained existence. Why this should be can only speculated on. 
Perhaps a lack of stimulation of the IHCs causes their eventual degeneration; 
it is clear from the results of the present study that the threshold of resp­
onse of IHCs in regions of OHC loss is some 40-60 d3 above normal, (implicit 
in this speculation, if correct, is that the IHCs in intact cochlear regions 
are stimulated directly or indirectly at low threshold.')
It is clearly essential, before further speculation, to establish with 
more certainty that the long term IHC degeneration is not the direct result 
of kanamycin poisoning. One test would be to use ototoxic agents otner 
than kanamycin or related aminoglycosides to produce extensive OHC lass 
(e.g. ethacrynic aciu (KaTZ et al. 1969) 5 atoxyl (sodium arsanilicum, 
Ali.JkC, 1976); noise over-exposure), and to then look for a similar pattern 
of long term IHC loss.
Compared with other studies, IHC degeneration at the apex has been less 
obvious in the results of the present study occurring only in cochleas 
with very severe hair call loss - see figure 3.1, cochleograms Q, K,
¿e S.
6 .4  THE RESISTANCE OF ALBINO GUINEA PIGS TO THE OTOTOXIC EFFECTS OF KANAMYCIN.
This study has demonstrated (section 3.2) that albino GPs are much more 
resistant to the ototoxic effects of kanamycin than pigmented animals. Others 
have also suspected this to the case (DALLOS, 1975 communication to E.F. EVANS; 
LENG, 1977 personal communication) and this finding raises some interesting 
questions as to why pigmented GPs are more susceptible. One possible clue could 
be that the pigmented GPs have melanocytes in their 3tria vascularis (incider.tly 
making cochlear turns easily recognisable and thus aiding cochlear dissection), 
and that the pigment melanine has an affinity for ototoxic drugs (in vitro) 
(LINQUIST, 1973)« According to LA FEERIERE et ai. (1975); melanocytes may have 
'a metabolic or secretory importance in the well vascularized regions of the 
labyrinth to which they are confined. It is interesting in this context (although 
not strictly relevant) to mention the recent findings of HOOD, POOLE ec 
FREEDXAN (1976) on the correlation of eye colour with susceptibility to temp­
orary threshold shift, a finding which as they point out could also be connec­
ted with the melanine concentration in the stria vascularis. There seems to 
be a direct correlation between the concentration of melanine in the iris and 
in the stria vascularis (BGNACCORSI, 1965).
6 .5 THE ACCURACY OF THE COCHLEAR FRE^GENCY YAP USED IN THE PRESENT STUDY.
In the present study, an accurate cochlear frequency map was essential 
before any useful comparison could b9 made between the responses of cochlear 
fibres and the pattern of hair cell degeneration in the cochlear region of 
origin of those responses. The importance of such a frequency map was emph­
asized by the study of KIANG et al. (19/0). These authors admitted seme 
difficulty in correlating, with certainty, changes in FTCs with cochlear 
regions of GHC loss because a precise cochlear frequency map was not then 
available for the cat (XIANG et al. 1976). The accuracy of the cochlear 
frequency map (of WILSON ec JOHNSTONE, 1972) used in the present study has been 
confirmed by a number of subsequent studies. ROBERTSON oc NANLEY (1974) and 
JOHNSTONE (1977) obtained, in their GP spiral ganglion cell recordings, 
relatively accurate frequency- maps (at least for CFs below 20 kHz) which 
are consistent with the map of WILSON ec JOHNSTONE. A GP frequency map by 
YLIKOSKI (1974) based on the comparison of abrupt behavioural threshold shifts 
with’ abrupt changes in hair cell degeneration patterns is also similar to 
the mapping used in the present study. Figure 6.2 shows the results of the 
studies described above compared with the frequency map used in the present 
study.
Figure 6.3 is a graph similar to that produced by YLIKOSKI (1974) (des­
cribed above) but instead of plotting discontinuities in the behavioural
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audiogram, changes in the CAP audiogram from the results of the present 
study are compared with regions of abrupt changes in the hair cell degeneration 
pattern. For example, from the data of figure 5*2 the region of transition 
between very few CHCs and an almost full complement of hair cells, approximately 
5-7*5 11(11 from the base, is correlated with the steep slope of the CAP audio- 
gram between 5 cc & kHz. Another example can be seen in figure 5*&> in which 
the location along the cochlea at the point of total IHC loss is correlated 
with the high frequency cut-off slope of the CAP audiogram. The diagonal line 
in figure 6.3 represents the frequency map used in this study (from WILSON o: 
JOHNSTONE, 1972). There is a reasonable agreement between the two sets of data.
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igure 6.2 The continuous lines show GP cochlear frequency maps used in 
this study for different cochlear lengths between 17-22mm. 
These maps are based on that of WILSON oc JOHN'S TONE, 1972. For 
comparison are shown some more recent frequency vs. position 
measurements (see insert for references).
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Figure 6.3 GP cochlear frequency map based on the correlation of abrupt 
irregularities in the pattern of hair cell damage in 
kanamycin treated cochleas, with associated changes in the 
CAP audiogram. The horizontal axis of each rectangle 
represents the region of the cochlea over which an abrupt 
irregularity in the pattern of kanamycin produced hair cell 
damage occurred. The vertical axis is the frequency range 
over which the CAP audiogram showed a discontinuity obviously 
associated with the hair cell pattern change. The diagonal 
line is the frequency map used in the present study (WILSON 
<sc JOHNSTONE, 1972).
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7.1a RATES OF SPONTANEOUS ACTIVITY IN FIBRES FROM CONTROL ANIMALS,
INCLUDING FIBRES FROM COCHLEAS Y/ITH ACUTE PATHOLOGY.
The distribution of mean rates of spontaneous activity, for normal 
cochlear fibres (see figure 4*3) was not found to differ greatly 
from previous studies in GP (EVANS, 1972; MANLEY & ROBERTSON, 1976*spiral ganglion 
cells) or in cat (KIANG et al. 1965)*
Previous studies have shown that a high proportion of fibres with 
abnormally elevated thresholds have low or zero rates of spontaneous dis­
charge. Thus EVANS (1972) reported that 50$ of fibres with high minimum 
thresholds had near zero spontaneous discharge rates of activity. Similarly, 
MANLEY as ROBERTSON (1976) found that over half the fibres with minimum thres­
holds above 70 dB SPL had spontaneous discharge rates below 20/s. In both 
of these cases, the elevations in minimum thresholds were the result of 
cochlear hypoxia or mechanical damage. In the present study, 30$ of fibres 
recorded under known conditions of cochlear hypoxia had zero rates of spont­
aneous discharge.
7.1b THE EFFECTS OF OHC LOSS ON SPONTANEOUS ACTIVITY.
Kiang et al. (1970) found that 30-50$ of fibres from cat cochleas 
with OHC degeneration caused by kanatqycin poisoning, had zero rates of 
spontaneous discharge. On the other hand, DALLOS et al. (1977) reported 
that in the chinchilla, the rates of spontaneous discharge in fibres from 
cochlear regions of OHC loss (due to kanaoycin) were no different from 
those of normal fibres.
The results of the present study (figure 4*3) clearly indicate that 
50$ of cochlear fibres from regions of total OHC loss had zero or near zero 
rates of spontaneous discharge (compared with less than 11$ in normal cochlear 
fibres). Many fibres (30$) from cochlear regions of partial OHC loss also 
had low or zero rates of spontaneous discharge.
It is most reasonable to start with the assumption that because most of 
the afferent cochlear fibres terminate on the IHCs, that either the IHC synapse 
or the membrane of the afferent dendrite^ is the site of origin of spontaneous 
activity.
It could be argued that the change in the distribution of rates of 
spontaneous activity which accompanies OHC loss is evidence that the OHC some­
how modulate the spontaneous activity in cochlear fibres. On the other hand, 
because only 50$ of fibres from regions of total OHC loss have low or zero rates 
of spontaneous activity, and the range of rates for the other fibres is normal, I
I see over for foot note.
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it could be supposed that some fibres have normal rates of spontaneous 
activity in the absence of OHCs (i.e. that spontaneous activity in these 
fibres is independent of the OHCs}. Both arguments, on the evidence of 
the data from this study, remain inconclusive.
The claim of Dallos et al (1977} that, in the chinchilla, there was no 
change in the distribution of spontaneous activity in cochlear fibres after 
OHC loss favours the interpretation that the OHCs do not influence the rate 
of spontaneous activity. If this is the case, then the question is raised 
as to whether the low rates of spontaneous activity found in the pathological 
fibres of the present study are the direct result of kanamycin on the IHCs 
(assuming that the IHCs are responsible for spontaneous activity). It is 
worth pursuing this line of discussion because there is an important diff­
erence between the results of the study by DALLOS et al. (1977) on kanamycin 
treated chinchilla and the results of the present study in a respect other 
than the spontaneous rates of activity. More specifically Dallos and his 
co-wor'Kers claimed that the tuning of cochlear fibres did not deteriorate 
after total OHC loss (see section 7*3b). It could be argued that the low 
rates of spontaneous activity in many of the cochlear fibres of the present 
study and the deterioration in the tuning of cochlear fibres after OHC loss 
are both manifestations of IHC damage caused directly by the kanamycin (and 
not occurring in Dallos's study, presumably because of the species difference 
and/or differences in the kanamycin dosage regime).
With regard to the above proposal it is important to see whether the 
(residual) tuning properties of fibres fr^m cochlear regions of total OHC 
loss are in any way related to the rates of spontaneous activity of those 
fibres. In figure 7*1» the spontaneous rate of activity (spikes/s) of 
cochlear fibres from regions of total OHC loss are plotted against the 
tuning (v^ 0 values of the fibres. The linear regression is shown by 
the dashed line. The correlation co-efficient is very low. There is clearly 
no relationship. This is evidence against the argument that the deterioration 
in tuning of cochlear fibres after OHC loss and the low rates of spontaneous 
activity may be closely correlated and associated with IHC abnormality.
 ^ Although some authors have su uested that the membrane of the afferent 
dendrite may contribute to spontaneous activity production (KONISHI 
et al. 1970; TEAS et al. 1970; MAULEY ee ROBERTSON, 1976), most authors 
favour the hair cell synapse as the site of origin of spontaneous 
activity (e.g. FLOCK, 1971; WALSH et al. 1972; KLINXE EVAUS, 1977).
It may be reasonable to assume that the spontaneous activity is assoc­
iated with a leaky’ chemical synapse as in other neural systems e.g. 
motor nerve endings (FATT £c KATZ, 1951) or, more closely related, in 
primary neurones of the lateral line system (FLOCK, 1971; FLOCK dc 
RUSSELL, 1976) and goldfish sacculus (FURUKAWA ISHII, 1967; FURUKAVVA 
et al. 1972).
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It must be repeated that, from the present data, the cause of 
the low or zero spontaneous activity cannot be decided upon. The 
possibility that kanawycin has some direct action on the IKCs (the 
effect of which persists for many weeks) cannot be ruled out. This 
question requires testing. It would, for example, be useful to 
ascertain whether kanamycin administration results in an immediate 
change in the spontaneous activity of cochlear fibres, or whether 
changes in the distribution of spontaneous activity dcvelope over a 
longer time period (e.g. in parallel with the degeneration of OHCs).
It would also be imformative to produce selective CHC loss with agents 
other than kana ..ycin (see page 111, para. 4) to find out whether the low 
rates of spontaneous activity were perhaps exclusively the result of 
kanamycin intoxication.
7.1c THE RELATIONSHIP BmlmEfri CCCHL3AB FI BBS TUNING OH
TtIHESliODS AI'.D oPONTAUEJUb AnTiVi'i'Y.
The present study has failed to find any relationship between the 
spontaneous activity and either the minimum thresholds or the tuning (10 
dB bandwidth) of normal cochlear fibres.
In figure 4.5, which shows spontaneous rate of discharge of fibres 
plotted against their minimum thresholds, the correlation coefficient of the 
data is very low, and together with the large scatter indicates no strong 
relationship. Similarly in figure 4.6, which shows spontaneous rat9 of 
discharge plotted against 10 dB bandwidth, there is no clear relationship. 
Although the linear regression (dashed line) could be said to indicate a 
trend for high spontaneously active fibres to be mere sharply tuned, the 
low correlation coeifiuient (—G.l8l) makes such a trend insignificant. It 
is interesting to note that in contrast to the latter findings, KIANG et al. 
(197^) have claimed that units with low rates of spontaneous activity tend 
to be more sharply tuned than those with high rates. Unfortunately they 
illustrated their finding with a figure (fig.5 in KIANG eL al. 1976) which, 
on close scrutiny, does not support the claim.
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Further evidence which suggests that threshold (and tuning) properties 
are independent of spontaneous activity comes from EVANS who has demonstrated 
that the spontaneous discharge rate of a cochlear fibre can remain virtually 
unchanged during changes in threshold and tuning caused by cochlear hypoxia 
(unpublished observation) and instillation of KCii into the cochlea (EVANS, 
1576a experiments of SVA..S a rd^ INKE, 1974)*
ROBERTSON (1974) found, in GP spiral ganglion recording, that threshold 
elevation and changes in tuning caused by drainage of the perilymph occurred 
"with no alteration of both the mean rate and the interspike interval of the 
spontaneous activity".
ItANLEY oc ROBERTSON (1976) have also demonstrated that the minimum thres­
hold of a cochlear fibre can change independently of spontaneous activity 
during cochlear hypoxia. Thus,these authors noted that after cochlear 
hypoxia, which caused an elevation of minimum threshold and a reduction in 
spontaneous discharge, the recovery of spontaneous rate of discharge lagged 
behind the recovery of normal minimum threshold. They also compared the 
minimum threshold values of normal cochlear fibres with their rate of 
spontaneous activity and found no correlation between them. Similarly, in 
amphibia, CAPRANICA a kOFFAT (1975) failed to find any obvious relationship 
between the rate of spontaneous activity in auditory nerve fibres (in spade 
foot toad) and the response properties of those fibres to acoustic stimuli 
(e.g. minimum thresholds).
7» 2a THE xINIXJ.i YHF-BSnOLIjb OF XQi:...I,-.h COCHLEAR I-1 ¿BBS.
The distribution of the minimum thresholds of normal cochlear fibres 
with their CFs found in the present study was similar to that found by 
EVAN'S (1972). One interesting feature of both these studies is the discrep­
ancy between the behavioural audiogram (dashed line in figure 4*7 from
2
HEFFNER et al. 1971) and the minimum thresholds at CFs above 15 kHz«
The first aspect to this discrepancy is that the behavioural thresholds are 
lower than those of cochlear fibres particularly at frequencies abe'e 15 
kHz. The most obvious explanations for this arei a) as suggested by 
EVANS (1972;, a relatively high criterion of threshold was used in the pres­
ent experiments; it is extremely likely that over a large population of
 ^ see 'additional remarks' after EVANS, 19746«
3 The low behavioural thresholds in the GP have recently been confirmed at 
32 kHz by WALLOCH <x TAYLGRBPIXES (1976) using a different behavioural
technique (food reward) than that of HEFFNER et al. (conditioned 
suppression).
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cochlear fibres, a lower criterion of threshold is used compared with the 
threshold detection in the unavera^ ed response of a single cochlear fibi'e; 
b) because of the ability of the animal (in behavioural experiments) to 
optimize the position of its head in the sound field, there could be a 
difference between the assumed SPL at the tympanic membrane, and the actual 
SPL (even after correcting,as far as possible, the free field GPL for the 
characteristics of the external meatus and pinna).
The second aspect of this discrepancy is the apparent lack of cochlear
4fibres with CFs above 20-25 kHz, a feature found in the present study, in 
that of BVMS(1972), and more recently by JOHNSTONE (1977). JOHNSTONE 
recorded from spiral ganglion cells at the extreme basal region of the cochlea, 
and was unable to record from any fibres with CFs higher than 2C-25 kHz.
V»:ith respect to nerve fibre recordings (EVANS 1972, and the present study), 
the lack of data from fibres with high CF may have been because they are 
positioned on the posterior aspect of the cochlear nerve in a restricted 
surface layer; most electrode tracks in the present study were made through . 
the middle (the widest part) of the nerve and little effort was made to 
sample areas most likely to contain high CF units.
With regard to JOHNSTONES spiral ganglion recordings, MANLEY (1977»
comment on JOHNSTONE, 19/7) has suggested that the extreme basal end of
the cochlea may be extraordinarily susceptible to adverse conditions such
as cochlear hypoxia or mechanical overstimulation; the spiral ganglion
recordings do require the potentially traumatic procedure of opening and
5draining of the basal scala tympani. MANLEY'S suggestion could also apply 
to cochlear nerve fibre recordings where inadvertent restriction of f.ne 
local blood supply to the cochlea would result in cochlear hypoxia - and 
render high CF fibres pathological. However, it is clear from CAP audiograms 
of normal GPs (recorded early in the experimental proceedings and before 
interference with cochlear blood supply was possible) that there were few 
animals which produced CAP responses to tone pip stimuli as high as 43 kHz. 
(See the normal CAP audiograms of figure 5*1 for typical examples.)
A recent experiment on a kar.amycin treated G? (the minimum threshold data 
of which were net included in figure 4*7) yielded four fibres with CFs 
around 3/ kHz. However, the thresholds of these fibres were pathological 
and thus it was not easy to define exactly a minimum threshold and therefore 
CF. See figure '+.23 for examples. (The FTCs are not corrected Tor the 
sound system.)
5 Opening and draining of the basal scala tympani can be achieved in G? 
without a deterioration in the threshold a tuning properties of cochlear 
fibres (EVANS, 197Cbj. However the degree of draining is clearly
critical (GP: ROBERTSON, 197n; cat: EVANS a WILSON , 1975).
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It could be argued that before the CAP audiogram can be confidently 
taken as a valid measure of high CP cochlear fibre thresholds it must be 
assumed that the contribution of fibres with high CF is not less than that 
for other cochlear fibres. It may be the case that there is a considerable 
decrease in the afferent innervation density from the base of the GP cochlea 
(as SPOENDLIN, 1973 has shown for the total innervation density for the cat, 
and as MANLEY, 1977 (comment on JOHNSTONE, 1977) reported for the spiral 
ganglion cell population in GP), which would reduce the amplitude of the CAP 
of such fibres and thus,its detectable threshold. However, a total lack of 
any CAP response to high frequency stimuli would not be expected.
In one experiment on a (kanamycin treated) GP, a CAP audiogram was
recorded which extended up to 48 kHz. This animal also yielded recordings
4from fibres with CFs around 37 kHz. This is circumstantial evidence to 
support the idea that CAP responses to high frequency stimuli do represent 
the presence of cochlear fibres responding at those frequencies and further­
more points to the obvious possibility of a variation in the hearing range 
of individual GPs. In this respect, the correlation of minimum thresholds 
of cochlear fibres with the behavioural audiogram may be much closer in 
individual animals.
7.2b THE TUNING PROPERTIES OF NORMAL COCHLEAR FIBRES.
The FTCs of normal cochlear fibres were similar in most respects to 
those found by EVANS (1972; compare figure 4*9 with 1.4). One discrepancy 
was that EVANS results indicated that sharpness of tuning was maximal for 
fibres with CFs around 8 kHz - similar to that of the cat (e.g. EVANS dc 
WILSON, 1971» 1973). In the present study, no such obvious peak in sharpness 
of tuning was found at 8 kHz. Thus in figure 4.24 in which the ^  is 
plotted against the CF of each fibre, the trend for the increase in sharpness 
of tuning, with increasing CF, is uninterrupted.
In the GP data of EVANS, many fibres with CFs above 10 kHz had ^  
values of less than 6. Low values such as this were found in the present 
study but only in conditions of known cochlear pathology (small filled circles 
in figure 4 . 2 4 ) .  It is possible that, in the present study, the well main­
tained systemic blood pressure due to the improved anaesthetic technique 
contributed towards the prevention of acute cochlear hypoxia; EVANS (1972) 
used urethane or pentobarbitone anaesthesia, under which, GPs are much more 
prone to cardiovascular depression.
7.3 THE EFFECTS OF OHC LOSS ON THE THRESHOLD AND TUNING PROPERTIES OF 
COCHLEAE FIBRES.
The first conclusion to oe drawn from the data, taken at face value,
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is that since cochlear .fibres originating in areas of hair cell loss 
(restricted to OHCs) lose their normal low thresholds and sharply tuned 
properties, these properties must in some way be dependent upon the funct­
ional integrity of the OIICs. This conclusion depends on the critical ass­
umption that the IHCs in the regions of OHC loss are themselves unaffected 
by the kanamycin as suggested by their'appearance to light microscopy.
Ho categorical statement can be made on this point, however, a number of 
considerations support the assumption. These considerations were discussed 
in section 6.2.
? . 3a xihihuy t h i ;Eo: i .:l d s  o f  cochlear f i s h e s  f r o:.: a b b a s  o f  one l o s s .
The finding of elevated fibre thresholds in cochlear regions of OHC 
loss is in agreement with the observations of KIAHG and his co-workers 
(KIAHG et al. 1970; KIAHG et al. 197b; in cat) and is implicit in the more 
recent findings in chinchillas by DALLOS et al. (1977)* Both studies indicated 
that the minimum thresholds of cochlear fibres were elevated 40-60 dB after 
total OHC loss (see e.g. figures 10 dc 14 in KIAHG et al. 1970). Furthermore 
these results are entirely consistent with the l'inaings that the behavioural 
threshold in the chinchilla (BYAH & HALLOS, 1974; and in G? (YLIKGSKI, 1974) 
were elevated some 4O-6O ¿3 for frequencies corresponding to cochlear areas 
of total OHC loss (in the presence of apparently normal IHCs).
However, BOilAHH (1974? HOliAHH ¿c 30ERGEB, 1976) did not obtain similar 
result:, and claimed that some cochlear fibres from regions of total OHC 
damage had normal minimum thresholds. These authors have used, as a crit­
erion of hair cell damage, " a disorganization of the hair pattern" in 
addition to complete hair cell degeneration. This adoption of a criterion 
of pailial hair cell damage was unwise, because histological evaluation 
cannot reliaoly indicate the functional integrity of a cell.
In any case, it is not clear from their published cochleograms that 
they have recorded from fibres innervating cochlear regions of total. OHC
damage. Thus, the FTCs illustrated to support their claim (figure 5 in 
ROMAHN ¿c EOERGER, 1976) were obtained from fibres which, according to their 
cochleogram, came from near a border dividing a region of '50-90$« OHC damage' 
from a region of 'greater than 90/o damage'. Because partial OHC damage is 
associated with partial and unpredictable degrees of threshold elevation, it 
is important to establish the region of total OHC loss exactly. The con­
clusions drawn by Rû.ÎAHN &  BOERGER would also be more convincing if they had 
more extensive data from individual animals. Their conclusions should be 
treated cautiously.
On the question of the effects of CHC loss on threshold, it is concluded 
that with the exception of the study by EOriANN ce BOERO S3, to which objections ha 
been made, there is good agreement on the close correlation between total OHC 
loss and elevations of neural and behavioural thresholds.
7.3b COCHLEAE FIBRE TUNINGPROPERTIES 01' COCHLEAR FIBRES FROM AREAS 
OF OHC LOSS.
No normally tuned cochlear fibres were found with Cl's corresponding to 
areas of total OHC loss. The 10 dB bendwidths of the FTCs of these fibres 
were 5- 10 times wider than normal, and the steepness of both their high 
& low frequency cut-off slopes was considerably decreased (figures 4.25 & 
4.26).
These findings of broadly tuned responses in areas of OHC loss are 
a confirmation of the findings of KIANG et al. (1970) in kanamycin treated 
cats. However, KIA1IG and his co-workers could not draw definite conclusions • 
concerning the relationship between OHC loss and the response properties of. 
the ficres because the hair cell lesions in their animals had only restricted 
regions in which only the OHCs were missing. Thus. KlANG et al. (1976) . 
stated that "although it is tempting to suggest that these broad tuning 
curves belong to fibres that innerva.'.e IHC's in regions where OIICs are missing 
the lack of a more precise cochlear frequency map precludes such a specific 
conclusion".
m  the present study, there was little difficulty in positively correlating 
fibres with pathological tuning and threshold properties with r e g io n s  of total 
0:iC loss because in many cochleas, over a third of their length was such a 
region (see figures 4.I4-4.I9).
6 A reason for such restricted regions of selective OHC loss is the long 
period allowed between kanamycin treatment and the electrophysiolo6ical 
recordings. See sections 3*3 ce 6.3.
DALLOS et al. (1977) have recently questioned the rinding that cochlear
fibres from regions of OHC loss show a deterioration in tuning. They found,
in the chinchilla, that 60^ of fibres from areas of OHC loss had small,
relatively sharply tuned regions as much as 30 dB above minimum threshold on
the high frequency cut-off slope of otherwise broadly tuned FTCs. Figure
7*2, from DALLOS et al. (19H ) , shows two examples of these FTCs. They have
measured the 0, values of these small tips (by extrapolation for many of10 dB
them,as they often extended for only a few dB), and' claimed that these values 
indicated the FTCs to be effectively as sharply tuned as normal cochlear 
fibres in the chinchilla. Incidentally, normal chinchilla cochlear fibres 
are, according to the control data of DA_L?o et aL, less sharply tuned than those 
of the G? (of comparable CF). Thus, for CFs around 10 kHz, the average 0,  ^ ^  
value of normal chinchilla cochlear fibres was found to be 5 compared with 8 i.. C
In the present study, these sharply tuned tip3 were net a feature found 
regularly. However, there were often, as some of figures ¿,.10-4.21 indicate, 
small prominences or tips at the minimum threshold of Broadly tuned FTCs.
The valuss of these tips, measured by extrapolation, indicated them •
to be much less sharply tuned than normal GP fibres. Figure 7*3 shows the 
comparison between these 'tip' ^  values, (open squares) and values of 
normal cochlear fibres (large filled circlesj.
ZWISLOCKI (personal communication) in his studies with SOKQLICH (e.g. 
ZWISLOCKI a  S0K0L1CH 1974) on kanamycin treated gerbils has also not found 
these sharply tuned segments on the high frequency cut-off slopes o f  patho­
logical FTCs. However, he did not doubt their existence and claimed that in 
his own studies "they had not been specifically looked for". Indeed,.the 
possibility exists that the tuning curves found by DALLGS have net beer, found 
in the present study because of the manual FTC plotting methods used. DALLCS 
(in discussion on JALLO- et al. 1977; suggested that the broadly tuned FTCs 
of this present study could represent only FTC tails, and that sharply tuned 
tips at higher frequencies had been missed. As pointed out by EVANS (in 
discussion of DaLLCS et al. 1977) this was not possible. However, the FTCs 
found by DALLQS could be thought of as broadly tuned,with a sharp notch 
in the HF cut-off slopej such a notch could be missed. For this reason, 
automatic and semi-automatic FTC plotting procedures were used to measure the 
FTC in detail. Figures 4*22 os 4*23 show representative samples of the results 
from some of these experiments.
In one cochlear fibre, an FTC was found which resembled the findings of 
DALLOS et al. (19/7)• This is shown in figure 7«4. In this animal the 
FTCs were measured by a semi-automatic procedure in which the frequency of a 
tone (gated) was slowly ch.nged (0.5 octave/minute) while its intensity was
- 125 -
-  126 -
Figure 7*2 (From Dallos et al. 1977)» Two cochlear fibre FTCs from
a kananqycin treated chinchilla. The fibres are assumed to 
emanate from an area of the cochlea with total OHC loss.
-  127  -
1 _________I_______I_______I_____ I
2 5 10 20 (kHz)
CHARACTERISTIC FREQUENCY
Figure 7*3 QlO dB values for normal GP cochlear fibres (large filled 
circles) compared with values of fibres from regions of 
total OHCloss (small dots and open squares), plotted 
against the CF of each fibre. The small dots are Q lO  dB 
values computed directly from FTC data. The open squares 
represent values measured by extrapolation of any FTC 'tips'.
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Figure 7*4 Frequency threshold curves of four cochlear fibres from a
kanamycin treated GP measured by a semi-automatic procedure 
in which the frequency of a tone (gated) was slowly changed 
(0.5 octave/min) while its intensity was repeatedly and 
by manual adjustment increased to find threshold, and then 
reduced well below threshold. The stimulus levels are given 
in relative terms of the electrical input to the condenser 
earphone, and they represent the approximate intensity (¿6 
dB SPL) at the tympanic membrane. The cochleogram below 
shows the percentage of hair cells remaining in the 
cochlea at the time of the physiological recording.
repeatedly and by manual adjustment increased to find threshold and then 
reduced well below threshold. Unit 688.13 had an FTC with a notch on the 
high frequency side of minimum threshold. This * feature could be consist­
ently repeated (as shown in the figure). Other fibres in this GP did not 
show such F'iCs (e.g. units 12 ¿e I f ) »  The Q, 0 value of the tip segment 
of the FTC (unit 13) was only 3.6, thus it was not as sharply tuned as
normal cochlear fibres of similar CF (with average Q, _ of f ) .iu as
In the GP, the occurrence of these tuning curves is much less than that 
found in the chinchilla. Furthermore, from the present data,there is no 
reason to believe that any residual tip to FTCs of cochlear fibres from 
regions of OHC less oven approaches thesnarp tuning of normal cochlear fibres.
DALLAS et ai (1977) have measured 'behavioural tuning curves' (tone 
on tone masking curves; DALLCS os ?.YAN, 1975) in kanamycir. treated chin­
chillas at frequencies corresponding to total OHC loss. Such behavioural 
tuning curves were found to be sharply tuned. They suggested that the
I I  Vi
sharply tuned tips of the cochlear fibres FTCs which they find after total 
OHC are responsible for these sharp behavioural tuning curves. This 
interpretation is questionable - it is not clear how such sharp behavioural
tuning near hearing threshold could be achieved on the basis of sharply 
tuned regions up to 30 dB above the minimum tnreshold of the FiC and above 
the level at which the psychophysical measurements were obtained.
(Compare the sharp behavioural selectivity at threshold (70 dB SPL) in 
figure 1 of DALLOS at al. (197.0 with the FTCs in their figure 2.)
Bearing in mind the assumptions which must be made concerning the 
state of the IHCs, it is concluded that the sharp tuning properties of 
normal cochlear fibres are dependent in some way on the integrity of theOHCs.
7.4 THE RELATIONSHIP BETWEEN COCHLEAE FIB?.B TUNING AND ELEVATION OF
' ¿ I X r-KSX. THREbNuLL.
Studies on the effects of acute cochlear pathology (EVANS oc XLINKE 1974? 
EVANS 1974c: MANLEY oe ROBERTSON 1974? EVANS 1975L,c) raised the question of 
the relationship between the bandwidth of a fibre's FTC and its elevation of 
minimum threshold. This question receives a more conclusive answer with the 
more numerous ana systematic data of the present study in chronic cochlear 
pathology. As figure 4*23 indicates, for fibres with CFs above about 2 kHz, 
the relationship between threshold elevation (in d3) of a fibre and the 10 dB 
bandwidth of its PTC was non-linear. The bandwidth changed little until 
some 30-40 d3 of tnreshold elevation occurred. Similar changes in tuning 
with threshold shift were demonstrated in cat as a result of furosemide and 
cyanide intoxication (EVANS a KLINKE, 1974; EVANS, 1974c). Figure 7*5 , 
taken from EVANS 1974,shows ths effect of cyanide on the FTC of a cat cochlea 
fibre. Only when the minimum threshold had been raised by 30-40 d3 (curve 
A to curve C) did the bandwidth become very much broadened. Figure 4*30 
provides an analogous qualitative description of changes in the FTC due to
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(b) Cyanide
KCN, in concentrations of about 10'3M was instilled directly through
the round window in cats. Tho 
changes shown in Fig. 3 were found 
in fibres with CFs above 7kHz.
Loss of the low threshold sharply 
tuned segment (from A to C) and 
near total recovery (C to F) could 
be obtained, again without 
substantial effects on the cochlear 
microphonic.
3 .5  7 11> 28
Tone frequency (kHi)
Figure 7.5 (From EVANS 1974c). The effect of KCN, instilled directly 
into the cat cochlea, on the FTC of a cochlear fibre. The 
changes shown are typical for fibres with CFs above 1 kHz. 
The inset shows the time course of the reversible changes.
OHC loss (note that for clarity, the FTCs of this figure are not directly 
superimposed
It has been proposed (e.g. EVANS 1974c) that in acute intoxication, it 
could he the OHCs which are most deleteriously influenced? The similarity 
between the threshold and tuning changes resulting from acute intoxication 
with furosemide and cyanide, and the results of the present study, in which 
the anatomical lesion is clearly at the OKC level, support the proposition.
The changes in FTC shape.with elevation of minimum threshold (figure 
4.30) gives a clear impression of a sharply tuned low threshold segment 
being reduced with increasing OHC loss (accompanied by relatively small changes 
in bandwidth ) and being completely eroded when total OHC loss occurs.
These observations lend support to the hypothesis (proposed by EVANS e.g.
1974c) that the FTC is made up of two independent segments» a low threshold 
and sharply tuned part dependent on the OHCs, and a less vulnerable high 
threshold segment giving rise to the tail of normal FTCs. The results of this 
fc'tudy indicate that the IHCs alone give rise to a broadly tuned, high thres­
hold FTC which could constitute the high threshold segment of a normal FTC.
A direct comparison between the high threshold segment of a normal FTC with 
the same fibres FTC after OHC loss is obviously not possible. However, a 
comparison of typical examples of normal FTCs and FTCs of fibres (with simi­
lar CFs) from regions of total OHC loss (IHC FTCs) is shown in figure 7* 6 •
Four normal FTCs and four 'IHC FTCs' are shown from each of three frequency 
regions (20  kHz, 8 kHz and 2 kHz). For fibres with CFs around 8 kHz the 
threshold of the tail of normal fibres is,on average,significantly lower than 
the threshold of the corresponding IHC FTC. For fibres with CFs near 20 kHz, 
there is less discrepancy. In high CF fibres (>5 kHz) the distinction bet­
ween the sharp tip segment and the high threshold tail segment is easily 
made. For low CF fibres, analogous segments can be recognised, although the 
difference between them in terms of both threshold and tuning is much less 
obvious. It is also interesting to note that if the pairs of normal and 
IHC FTCs in figure 7*6 were aligned according to the limit of their high 
frequency cut-off slopes rather than their CFs, then for high CF fibres,the
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It has been suggested (SPOENBLIN 1974,additional remarks on EVANS 1974c) 
that during cochlear hypoxia,the changes in cochlear fibre thresholds 
and tuning could be the result of damage to the inner radial fibre 
dendrites, on which small swellings can be seen after 2-3 minutes of 
anoxia (SP0EN3LIN 1970). It can be argued, however, that damage to the 
dendrite is most likely to have a non specific influence on the response 
properties of the fibre (e.g. a general depression of spike generation) 
rather than a specific effect on the low threshold, sharply tuned seg­
ment of the FTC. On the other hand it may be significant that the 
relationship between threshold and tuning during acute cochlear hypoxia 
seems to differ from the non linear relationship found during the acute 
cyanide and furosemide intoxication. The changes in tuning tend to go 
hand in hand with the minimum threshold elevation. (EVANS a. WILSON, 1973} 
ROBERTSON de MANLEY 1974) •
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Figure 7*6 A typical sample of FTCs of GP cochlear fibres from normal 
cochlear regions (continuous curves) compared with FTCs of 
fibres innervating areas of total OHC loss (dashed curves). 
The FTC pairs are aligned according to their CF, the 
approximate value of which is indicated for each group . (The 
horizontal position of FTCs is arbitrary).
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CF of the IHC FTCs would he lowered compared with the CF of the normal FTC, 
whereas for low frequency fibres there would he an upward shift in CF after 
QHC loss. These CF changes are comparable with those observed in acute and 
reversible FTC changes (e.g. EVANS 1974c).
7.5 IMER AND OUTER HAIR CELL INTERACTION.
The results of the present study, along with other evidence (reviewed 
in section 1.3a), support the idea that the presence of the OHCs is required 
for the low thresholds and sharp tuning properties of normal cochlear fibres. 
Because most afferent fibres originate at the IHCs, an interaction between 
inner and outer haircells is required. Models and suggestions for the low 
threshold cochlear filtering mechanism have been proposed which explicitly 
invoke an interaction; other models could possibly involve an interaction.
This section briefly examines how compatible such models are with the results 
of the present study.
O
A number of interpretations of the present results are, possible.
a) . That normally, the IHCs are sharply tuned and of low threshold 
but that the physical loss of OHCs has interfered with the mechanical input 
to the IHCs.
b) . That the IHCs are normally sharply tuned as a result of some active 
interaction (hydromechanical or electrical) with the OHCs/ and that the loss 
of the OHCs eliminates their important influence.
c) . That the OHCs themselves are sharply tuned and of low threshold, 
and that cochlear fibre responses reflect OHC activity by means of an inter­
action between the innervation of the OHCs and the majority of the cochlear 
afferent fibres.
a), b), and c) are discussed more detail below.
a). Although it does not seem likely that OHC loss would alter the 
gross mechanical properties of the.BM vibration (e.g. as measured from the 
scala tympani side of the BM), even small changes in the physical structure 
of the organ of Corti must be considered as a possible cause of the deter­
ioration in threshold and tuning properties if mechanical or hydromechanical 
processes are involved in cochlear filtering (i.e. in addition to the coarse 
mechanical tuning of the BM). Thus in the models of cochlear filtering 
proposed by STEELE (1973), HELLE (1974)* ZWICKER (1974), and CRANDELL (1975), 
in which the IHCs are stimulated by sub-tectorial fluid streaming, although
This is excluding the possibility that the IHCs are exclusively respon­
sible for the normal tuning and threshold properties of cochlear 
fibres, but that when they remain in animals after kanamycin treatment, 
they are functionally abnormal as a result of the direct action of 
, kanamycin upon them.
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the damage to the OHCs may not affect the gross mechanics which the models 
invoke, it is clearly possible that the loss of stereociliar attachment to 
the tectorial membrane could have an affect on the maintenance of the gap 
between the reticular lamina and the tectorial membrane. This could influence 
the important subtectorial fluid flow invoked in these models.
In any mechanism of cochlear filtering which involves a micro-mechanical 
input to the IHCs, the physical loss of OHCs could be expected to deleter- 
iously influence that mechanism.
b). A number of models of cochlear filtering have been proposed in 
which the OHC responses can interact with the activity of the IHCs. Three 9 types 
of interaction are most commonly invoked: hydromechanical, electrical or 
neural interaction.
The hydromechanical models of STEELE, of HELLE, of Z’vVICKER, and of 
CRMDELL, mentioned above, do not explicitly involve OHCs (except in CRANDELL’S 
mooel where the arrangement of the stereocilia of the OHCs serves to prevent 
longitudinal fluid streaming). However, assuming that the mechanical prop­
erties of the stereocilia are important in maintaining the gap between the 
reticular lamina and the tectorial membrane, the recent suggestion by FLOCK 
(1977) that the OHC stereocilia may be capable of changing their stiffness» 
could allow the OHCs to actively influence the mechanical relationship bet­
ween the organ of Corti and the tectorial membrane, and therefore the 
proposed hydro-mechanics of the models. Further speculation would not be 
useful, but it may be worth noting that if the physiological activity of the 
OHCs can control the properties of their stereocilia, these hydro-mechanical 
models of filtering may become more compatible with one of the characteristics 
of the sharp cochlear filter, namely its physiological vulnerability.
Models involving direct electrical interaction between outer and inner 
hair cells have been proposed by DALLOS <* HARRIS (1977) and by MANLEY (1977).
They both involve the attractive proposition that hair cells could be combined 
mechano-electro-receptors, not an unreasonable hypothesis considering how 
closely related true electro-receptors and hair cells are (BENNETT 1970).
The model of DALLOS &, HARRIS depends on the inner hair cells already 
being very sharply tuned (as sharply tuned as normal fibre responses), and 
being sensitive to the receptor potentials of the OHCs. The function of the 
OHCs is to extend the intensity range over which frequency selectivity is 
effective. Figure 7.7 shows the contribution of the inner and outer hair 
cells to the FTC. Note that because the IHCs are sharply tuned, the influ­
ence of the OHC receptor potentials need not be very frequency specific.
Needless to say, the physiological results of DALLOS et al (1977) in
9 The optical system of NIEDER (1974) is not under consideration here.
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Figure 7*7 Diagram from DALLOS & HARRIS (1977) showing, according to
their model, the contributions of inner and outer hair cells 
to the normal tuning characteristics of cochlear fibres.
The thick, solid curve indicating the influence of the OHCs, 
is produced by subtraction of a 'typical' IHC response 
(dashed curve) from the normal FTC (IHC a OHC).
kanamycin treated chinchillas support the model, hut are at variance with
|t ||the results from this present study in which IHC FTCs are not sharply tuned.
In this case, the influence of the OHCs on the IKCs would have to be very 
frequency selective. The question as to whether this could be accomplished 
by an electrical field via wide endolymphatic spaces cannot be answered 
although clearly the 'source' of an electrical field at the OHC level could 
be very localized judging from the narrow receptor potential tuning of 
(presumed)'°0HCs by (BUSSELL <Sc SELLICK 1977).
In MANLEY'S (1977) model, a DC potential change (-SP) caused by the 
OHCs (which dominate SP production, DALLOS et al. 1972) inhibits the IHCs 
response to mechanical stimulation. The model assumes that the inner hair 
cells are mechanically stimulated at all intensities. The effect of removing 
the inhibitory influence of the OHCs should be to produce broadly tuned and 
low threshold FTCs. This sort of tuning curve has never been found in the 
present study from regions of outer hair cell loss, and indeed has rarely 
been found at all.
A neural interaction between inner and outer hair cells has been proposed 
by ZSilSLOCKI (1974, 1975» 19775 ZSTISLOCKL & SOKOLICH, 1974). The model 
relies heavily on an inhibition (explicitly synaptic) of the output from the 
IHCs by the OHCs. One'Veason for this model being unattractive is that, 
unfortunately, no suitable synapses appear to exist.
c). The possibility that the OHCs are exclusively sharply tuned and of 
low threshold, and that a direct information transfer between outer spiral 
fibres and the majority of cochlear afferents can occur is also unattractive. 
Such interactions cannot be seriously entertained until there is' a positive 
indication that neural interaction is possible (e.g. a demonstration of 
synaptic or ephaptic structures). In any case, there is evidence to suggest 
that in the normal cochlea the IECs may be sharply tuned (RUSSELL & SELLICK 
1977a, b) and thus any proposed influence of the OHCs on the cochlear filter­
ing mechanism is most likely to be at the IHC level and not more central 
(e.g. habenula perforata). It may, however, be premature to use RUSSELL & 
SELLICK'S data as conclusive evidence that IHCs are as sharply tuned as 
cochlear fibres. The relationship between the receptor potential tuning 
found by these authors and cochlear fibre.tuning may not be a direct one, 
and the possiblity that the observed receptor potential tuning was artifi­
cially enhanced by the presence of the electrode in the hair cell has yet 
to be tested(RUSSELL personal communication). Nevertheless, the notion that 
the IHCs are directly influenced by the OHCs is attractive.
RUSSELL ¿sc SELLICK (197/a) have recorded from hair cells which they 
suspected, but could not verify, to be.OHCs. The tuning of the 
receptor potentials of such cells was very narrow (Qpo dB UP 25).
See also section 1.3e for further arguments against this model.
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Although the results of the present study have indicated the important 
contribution of the OHCs to the low thresholds and sharp tuning of afferent 
cochlear fibres, the exact role of the OHCs still remains undefined.
7.6 AN ANIMAL MODEL OF SENSORINEURAL HEARING LOSo OF COCHLEAE ORIGIN.
Because chronic hair cell damage is a characteristic feature of both 
kanamycin treated GPs and many forms of sensorineural hearing loss of cochlear 
origin (BREDBURG, 1968; SCHUKNECHT, 1974), these animals may be useful models 
of this form of hearing loss.
The present physiological findings of a deterioration in the threshold 
and tuning properties of cochlear fibres which accompany OHC loss, appear 
to have parallels in psychophysical studies in patients with sensorineural 
hearing loss of cochlear origin. Before drawing any comparisons it is 
necessary to examine a) the closeness of the analogy between GP cochleas 
with hair cell loss ana pathological human cochleas (this is considered in 
section 7*6a), and b) the validity of comparing physiological data with the 
results of psychophysical studies (across species). With regard to the latter, 
section 7*6b reviews the evidence which suggests that the normal, psycho- 
physically measured, frequency selectivity of the auditory system is deter­
mined at the cochlea and is therefore closely related to the tuning of 
cochlear fibres.
In section 7*6c, the changes in cochlear fibre tuning found in the 
present study are compared with the changes in psychophysically determined, 
frequency selectivity which are known to accompany hearing losses of cochlear 
origin. Section 7*6d briefly mentions other characteristic features of 
sensorineural hearing loss of cochlear origin which may have neural correl­
ates at the cochlear level.
7.6a THE ANALOGY BETWEEN GP COCHLEAS ■ IfH HAIR CELL LOSS ANb PATHOLOGICAL 
HUMAN COCHLEAS.
The most obvious comparisons can be made between GP cochleas damaged by 
aminoglycoside poisoning and human cochleas which have also been damaged with 
the same agents. Post mortem examinations of such cochleas have demonstrated 
hair cell loss to be the essential lesion, particularly in the basal turn 
(J0RGENSEN 6c SCHMIDT, 1962; LOWRY et al. 1973) and more specifically the loss 
of OHCs (BENITEZ et al. 1962; MATZ et al. 1965)* Cochlear hearing loss 
caused by aminoglycoside poisoning does not seem to be a particular case; 
symptoms were often exhibited by these patients which are typical of cochlear 
hearing losses in general, e.g. recruitment (an abnormally rapid increase in
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loudness with intensity; SATLCFF et al. 1964; LINEN, 1953). Tinnitus of 
the type associated with other cochlear hearing losses has also been demon­
strated in patients after aminoglycoside poisoning (J^RGENUEN oc SCHMIDT,
1962; FROST et al. I96O5 LIDEN, 1953} JtATZ et al. 1965).
Furthermore, other types of cochlear hearing loss have been shown to 
involve hair cell loss. As well as aminoglycosides, other ototoxic agents 
can cause OHC loss in humans e.g. ethacrynic acid (¡£ATS, 1969) and nitrogen 
mustard (SCHUXNECHT, 1974)* Other forms of human endorgan deafness often 
involve loss of OHCs e.g. acoustic trauma, sensory presbyacusis and certain 
forms of hereditary deafness (e.g. Alports syndrome) (GUILD, 1931} IGARASHI 
et al. 19645 BREDBERG, I9685 SCHUKNECHT, 1974? McGILL & SCHUKNECIIT, 1976).
The observations mentioned above suggest that GPs with OHC loss can 
be regarded as a useful animal model of many types of deafness of cochlear 
origin. Caution must be exercised to avoid making the sweeping generalization 
that all types of sensorineural hearing loss of cochlear origin involve OHC 
loss. This, for example, is not the case in temporary hearing losses such 
as in attacks of Menieres disease or during the acute administration of 
ototoxic drugs (e.g. salicylates and certain antibiotics and diuretics) where 
there is no hair cell loss. However, the post mortem histological investi­
gations which were carried out in patients with chronic cochlear pathology, 
clearly indicate that hair cell loss, particularly OHCs (BHEDBERG, personal 
communication), is a very common characteristic.
7.6b THE RELATIONSHIP BETWEEN NORMAL PSYCHOPHYSICAL AND NEURAL FREQUENCY 
SELECTIVITY.
One measure of the frequency selectivity of the auditory system is the 
critical bandwidth. This can be expressed as .the frequency bandwidth within 
which signals sum and interact in various ways (ZWICKER, 1952, 1954} GASSLER, 
1954} TE3HAKDT, 1968, 1970;. GREENWOOD, I96I 9 McCELLAND & BRANDT, 1969} 
reviews SCHARF, 1970)* Early critical band measures were taken to represent 
the bandwidth of a rectangular filter centred on the frequency of interest. 
Investigation of the shape of the auditory filters showed them to be (on a 
linear frequency scale) approximately Gaussian in shape (HOUTGAST, 1974} 
PATTERSON, 1974, 1976), and in this respect they are of similar shape to the 
tuning curves of cochlear fibres (EVANS & WILSON, 1973} EVANS, 1977). EVANS 
<$c WILSON (1971, 1973} EVANS, 1977) have made quantitative comparisons between 
the critical bandwidths of the auditory filter and analogous bandwidths of 
cochlear fibres, that is, their effective bandwidths (i.e. the bandwidth of 
an equivalent rectangular filter). Figure 7« 8 , taken from EVANS & WILSON 
1973» shows the comparison between the effective bandwidths of cat cochlear
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PIQUEE 7-8 (from EVANS 1975c, after EVANS a WILSON 1973). Effective 
bandwidths computed for 140 cat cochlear fibres from 5 
cats, plotted against their characteristic frequencies. 
Dotted line = effective bandwidths computed for basilar 
membrane response curves of VON 3ÉKESY (1944) and JOHNSTONE 
et al. (197O.; dashed line = critical band measures for man 
(¿.NICKER et al. 1957); dotted and dashed line measurements 
of human psychophysical frequency resolving power expressed 
as effective bandwidth for auditory gratings.
fibres and psychophysical measures of the frequency selectivity of the 
auditory system. There is tolerable agreement between the psychophysical 
measures of critical bandwidth (dashed line) and the effective bandwidths of 
cat cochlear fibres and this led EVANS ¿e WILSON to hypothesize that the 
frequency selectivity of the auditory system was already determined at the 
cochlear level (EVANS & WILSON, 1973).
Support for this hypothesis has come from measures of the frequency 
resolving power of cat cochlear fibres and of human subjects with comb-filtered 
noise masking paradigms (see figure 7«9 for psychophysical technique).
There was good agreement between the ability of the auditory system to sep­
arate out peaks and valleys of such a masker, and the ability of cochlear 
fibre responses to resolve the spacing of such a grating (WILSON ¿s EVANS,
1971} EVANS at WILSON, 1973).
Other measures of the frequency selectivity of the auditory system are
psychophysical tuning curves. The curves derived using forward and simult-, 12aneous tone on tone masking paradigms show a similarity to cochlear fibre 
tuning curves (e.g. ZWICKER, 1974} VOGTEN, 1974} HOUTGAST, 1974} KOEKSTRA & 
BITS2ÍA, 1977} LESHOWITZ & LINDSTROM, 1977} WIGHTMAN et al. 1977). Although 
some of the psychophysical tuning curves derived using simultaneous masking 
methods show irregularities in the curve at the test tone frequency (W shaped 
tips to the curves), the gross resemblance of the curves to FTCs of cochlear 
fibres adds support to the idea that the frequency selectivity of the audi­
tory system is determined at the cochlear nerve level.
The notion that psychophysical and cochlear nerve effective bandwidths 
are equivalent has not been fully substantiated by measurements of behavioural 
critical bandwidths in the cat (PICKLES, 1975)» A comparison of the psycho­
physical and physiological measurement (in the same animal PICKLES & COMIS,
1976) indicated that behavioural critical bandwidths were twice as large as 
in the equivalent cochlear fibre tuning. If accepted at face value, these 
results suggest that a direct correlation between the frequency selectivity 
of the auditory system and cochlear fibre tuning may not be valid, and that 
perhaps the critical band occurs as the result of convergence of two or more 
cochlear fibre bandwidths. This implies that higher neural levels are 
involved (PICKLES <5e COltlS, 1976). However, the effective bandwidths of cells 
in the cochlear nucleus are not wider than those of the cochlear nerve in 
the same cat (EVANS & PALLQER, to be published). It has also been pointed 
out (EVANS, 1977) that the possible effects of efferent activity cannot be
12 Psychophysical tuning curves derived from a temporal masking paradigm 
e.g. in the pulsation threshold technique (HOUTGAST, 1974»
DUXFHUIS, 1977) appear to reflect filtering processes at a higher neural 
level than the cochlear nerve. Such masking curves exhibit areas of 
sideband suppression which could be related to lateral inhibition found, 
for example, in the dorsal cochlear nucleus.
- 140 -
-  141 -
ignored. The cochlear fibre bandwidths measured in the anaesthetized 
animal may be narrower than normal (stimulation of the efferent pathway 
decreases the frequency selectivity of cochlear fibres, WIEDE3H0LD, 1970).
It is also important to ask whether the behavioural test used in 
PICKLES'S study was exactly equivalent to the human psychophysical paradigm. 
This is a particularly relevant question in the light of another comparison 
between psychophysical and cochlear fibre tuning in the same species (chin­
chilla) by DALLOS et al. (1977)* In that study, behavioural psychophysical 
tuning curves, using forward and simultaneous masking techniques (McGEE et al. 
1976) were found to be much more sharply tuned than the corresponding 
cochlear fibre tuning. For example at 5 kHz, the of cochlear fibres
was, on average, 4» whilst the psychophysical tuning curves had ^  values 
of 8.
The two above cases of conflicting evidence could perhaps be resolved 
by using alternative behavioural methods for determining the bandwidth of 
the auditory filter, in the same animal.
There are thus some considerations that should be made before rejecting 
the hypothesis that the frequency selectivity of the auditory system is 
determined at the level of the cochlear nerve. In whatever way the critical 
band ultimately relates to the cochlear fibre tuning, it is clear that the 
drastic deterioration in tuning that can occur at the cochlear fibre level 
(e.g. in acute cochlear hypoxia, EVANS, 1972) will almost certainly cause a 
deterioration of the frequency selectivity of the whole system.
7.6c FREQUENCY SELECTIVITY IN COCHLEAR PATHOLOGY.
A number of physiological studies have demonstrated a deterioration in 
13the tuning of cochlear fibres as a result of cochlear pathology (KIANG et al. 
19705 EVANS 1972, 1974a,b, 1975*10, 1976a5 ROBERTSON ¿5 MANLEY, 1974)* It 
was largely the result of such studies that led to the hypothesis that one 
of the invariant features of human cochlear pathology should be a deterior­
ation in frequency selectivity. PICK et al. (1977) have tested this hypo­
thesis by measuring the frequency resolving power of normal subjects and 
patients with sensorineural hearing loss of cochlear origin using a comb 
filtered noise masking technique (HOUTGAST, 1974} PICK et al. 1977)* Figure
7.9 illustrates the experimental paradigm; the method is fully described 
in the figure legend. The results of this study clearly indicated that a 
deterioration in the frequency selectivity of the auditory system accompanies
As would be expected from the changes in bandwidth of the FTC tip;, 
the effective bandwidths of cochlear fibres also increase under condit­
ions of cochlear pathology (EVANS, 1976b).
13
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Figure 7* 9 The psychophysical measurement of frequency resolving 
power, using comb-filtered noise masking. Comb filtered noise is 
produced by mixing noise with a delayed version of itself, giving 
a cosinusoidal distribution of energy along a linear frequency scale. 
Tone thresholds are measured in the presence of the noise, both where 
a 'dip' in the energy spectrum coincides with the test tone frequency 
and,in the inverted case, where a peak in the energy spectrum coincides 
with the test tone frequency. The difference between the masked tone 
thresholds in these two situations depends on how much noise (masking) 
energy falls within the bandwidth of the auditory filter. The maximum 
difference will occur when the peak spacing of the noise is extremely 
wide compared to width of the auditory filter. At very close peak 
spacing, the difference between masked thresholds will be close to 
zero because inverting the noise will produce practically no difference 
in energy falling within the auditory filter. The relationship between 
the difference in masked threshold, and the fineness of peak spacing of 
the masker is shown in the lower part of the figure. It illustrates 
how the function reflects hypothetical auditory filters of different 
bandwidths. (Figure after PICK & WILSOU.)
hearing losses of cochlear origin.
Other evidence of a deterioration in the frequency selectivity of the 
auditory system in sensorineural deafness of cochlear origin comes from 
measurements of psychophysical tuning curves (e.g. tone on tone masking 
curves) in patients with cochlear pathology. The curves from such patients 
show an elevated threshold, accompanied, if the threshold elevation is 
considerable, hy a large increase in their bandwidth (LESHOWITZ, 1976$ 
LESHOWITZ & LINDSTBOM, 1977} CARNEY <* KELSON, 1976} SCHOBN et al, 1977$
WIGHTMAN et al. 1977$ HOEKSTEA & EITSMA, 1977).
Many early psychophysical studies in patients with assumed cochlear 
pathology can now also be interpreted in terms of a deterioration in the 
frequency selectivity of the auditory system. These studies are only of 
indirect relevance and are reviewed in Appendix A (pg 168)-
The results of the present study, showing that cochlear fibres with 
elevated thresholds resulting from hair cell damage had increased FTC band- 
widths (X 5 on average), serve to corroborate the previous physiological 
findings. Furthermore, the present results in chronically damaged GP cochleas 
are more appropriate for comparison with most types of human (chronic) cochlear 
pathology (most of the previous findings, except those of KIANG et al. 1970* 
were based on acute cochlear pathology).
In addition, the present data have indicated the relationship between 
the threshold elevation and cochlear tuning. For fibres with CFs above 
about 2 kHz, the relationship between threshold elevation and the deterior­
ation in the FTC (10 dB) bandwidth was non-linear, that is to say,the band­
width changed relatively little until some 4O-5O dB of threshold elevation 
occurred (figures 4*27 & 4*30). This non-linear relationship has parallels 
in psychophysical measurements of the frequency selectivity in patients with 
hearing loss of cochlear origin. Thus PICK et al. (1977) have obtained 
data from psychophysical measurements of the frequency resolving power in 
which, particularly for higher frequencies, the effective bandwidths of the 
derived filter functions increased little until the threshold elevation was 
about 40-60 dB. This in turn may be related to the finding of HOOD & POOLE 
(1971) and PRI2BE & COLES(1976) that deterioration in speech intelligibility 
in patients with cochlear hearing loss is not a linear function of threshold 
elevation but becomes marked only for elevations of threshold above 30-40 dB.
Finally, there are also striking similarities between the tuning of single 
cochlear fibres in the present study and measurements of psychophysical 
tuning curves in patients with similar threshold elevations ( L13TI0T.TT2, 1976} 
LESHOWITZ &  LINDSTRQM, 1977} WIGHTMAN et al. 1977} SCHOSN et al. 1977}
HOEKSTRA ¿e RITSMA, 1977)* These data have in common with the physiological 
data of the present study, progressive loss of the low threshold, sharply 
tuned tip of the tuning curves until only the high threshold, broadly tuned
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segment remains. An example of this is shown in figure /• 10.
7.6d OTHER CHARACTER!uTICS OF HEARING LU-.S OF COCHLEAR ORIGIN WHICH !£AY
HAVE NEURAL CORRELATE^ AT THE COCIiLEaR LEVEL.
Other characteristic features of sensorineural hearing loss of cochlear 
origin may have neural correlates at the cochlear nerve level, and the 
kanamycin treated GP could prove a useful model for the systematic investi­
gation of some of these features.
14Tinnitus is frequently associated with hearing loss of cochlear origin 
including that caused by aminoglycoside poisoning (JjaEOEIiOEA « SCHELDT, 1962, 
FEOST et al. I960; LILEE 1953; EAT'Z st el. 1965). One possibility is that 
tinnitus may be related to spontaneous over-activity in particular groups of 
cochlear fibres; it is possible that acme correlate of it could be detected in 
cochlear fibre recordings. The present study, as did that of KIAliG et al. 
(l970' in kanairycin treated cats, found no evidence of overactivity, but 
rather the converse', that many pathological fibres had zero spontaneous 
rates of activity. KIAHG et al. tentatively suggested "it may be that it is 
this absence of activity that results in a subjective sensation of sound", 
or "not the loss of activity as such but the pattern of the less". Alternat­
ively perhaps individual fibres or groups of fibres with normal rates of 
spontaneous discharge but set against a background of fibres with depressed 
discharge could give rise to a percept of tinnitus. However, a search for 
neural correlates of tinnitus would be best carried cut in animals in which 
behavioural tests (if feasible) indicate that tinnitus was present.
Recruitment (an abnormally rapid increase in loudness with increase in 
intensity^ is also frequently found in patients with sensorineural hearing
.  S
loss of cochlear origin including those with aminoglycoside poisoning (LI.DR!, 
1953, SATLOFF et’al. 1964)• A useful model of louaness recruitment has been 
proposed (EVANS 1972, 1975b> c) based on the overlap of the abnormally 
broadly tuned cochlear fibre FTCs found in cochlear pathology. Because each 
of these fibres responds to a wide range of stimulus frequencies, a supra- 
threshold stimulus will excite a very large population of fibres (see figure 
8.10) and this may giv° rise to an abnormally rapid growth in loudness.
Also related to an increase in loudness could be the slopes of the fibre 
discharge rate versus intensity functions. EVANS (1975b) suggested that a 
rapid increase in loudness could result from abnormally steep functions.
Ho found that after acute cochlear insuli that some fibres had abruptly risin. 
rata functions. However KIANG et al. (1970) reported that the fibres from
The many forms of tin .itua which are not cochlear in origin (e.g. outer
¿0 middle ear or centrally generated) are not under discussion.
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Figure 7«10 Comparison between psychophysical "tuning curves" in patients 
with cochlear hearing loss, and physiological FTCs from 
GPs with specific cochlear pathology. The upper panels 
show,from a study by Wightman et al. (1977), psychophysical 
FTCs for two hearing impaired subjects, determined by 
simultaneous (open circles) and forward masking (filled 
circles) paradigms. Audiometrie thresholds are indicated 
by the filled squares. Lower part, from the present study, 
FTCs of GP 506 with neural threshold loss similar to the 
patients audiometrie losses.
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kananycin damaged cochleae did not have abruptly rising functions. In the 
present study such functions have not been systematically measured. However 
some pathological fibres were found in which the mean firing rate of the 
fibre increased from threshold to saturation with less than a 10 dE increase 
in stimulus intensity. Further investigation is required, but whatever 
possible neural substrate for recruitment is found will need cautious 
interpretation; it is still unclear (at least under certain conditions) how 
intensity changes are encased at the cochlear nerve level (PALISH 1978).
It has been suggested (e.g. EVANS 1972, 1975b,c, 1977) that the deter­
ioration in frequency selectivity (as a result of the increased FTC band- 
widths of cochlear fibres with threshold elevation) is a contributory cause 
of the poor speech intelligibiljty of patients with sensorineural hearing 
loss of cochlear origin. With particular regard tc speech signals it is of 
interest to ask whetner the temporal coding ability of the pathological 
cochlear is also impaired. Preliminary studies on the phase locking ability 
of high threshold fibres in kanamycin treated GPs indicate that there may 
be no significant deterioration in this aspect of temporal coding. However, 
further systematic investigation is required, and again, animal mouels of 
cochlear hearing loss such as kanamycin poisoning GPs may be a potentially 
useful substrate.
CHAPTER 8
DISCUSSIOHi COCHLEAR ACTION POTENTIAL (CAP) STUDIES.
8.1 THE COCHLEAR ACTION POTENTIAL (CAP) AUDIOGRAM.
8.2 THE CAP AMPLITUDE : INTENSITY FUNCTION.
8.3 THE CAP AMPLITUDE : INTENSITY FUNCTION IN COCHLEAR 
PATHOLOGY.
8.4 THE CAP LATENCY : INTENSITY FUNCTION.
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8.1 THE COCHLEAR ACTION POTENTIAL (CAP) A’JDIQGRAM.
It was noted in the results section (5»l) that there was some scatter 
in the data relating the CAP thresholds to the minimum thresholds of 
cochlear fibre responses (figure 5*10)* There are a number of possible 
causes for the scatter. Firstly, for the single fibre responses, the range 
of minimum thresholds at any CF can be up to 30 dB in an individual animal 
(KIANG, 1968, cat; EVANS, 1972, GP). Secondly, the threshold criterion 
for a cochlear fibre response (detection, using auditory cues, of an increase 
in firing rate above the spontaneous level) is likely to change depending 
on the fibre's spontaneous rate of activity. Thirdly, the CAP threshold deter­
mination will be influenced by the signal to noise ratio of the recorded 
response, which may differ from animal to animal depending on small differ­
ences in gross electrode placement.
Apart from the scatter, it was noted in the results section that two 
trends are apparent in the data of figure 5*1C. At low frequencies (below 
2-3 kHz) the CAP threshold is often higher than the single fibre thresholds. 
This is probably the result of the poor synchrony of discharge of fibres in 
response to stimuli of low frequency, which makes the CAP less obvious than 
that evoked by stimuli of high frequency. The detection threshold for low 
frequency CAPs will be somewhat raised as a consequence.
The other trend in the data is evident at high frequencies where many 
cochlear fibres appear to have higher minimum thresholds than the CAP thres­
holds. One possible explanation for this has been investigated and excluded. 
That is, that when investigating the CAP thresholds for the high frequency 
cut-off slope of the audiogram, perhaps energy spread to lower frequencies 
than the stimulating frequency may stimulate the most sensitive portion of 
the audiogram (i.e. at 8-10 kHz) and thus give a false, lower threshold 
value. However, appropriate high pass filtering of the stimulus to avoid 
the possibility of stimulating the more sensitive lower frequencies revealed 
no change in the CAP threshold values. This is illustrated in figures 8.1 
¿Sc 8.2. In figure 8.1 a series of 5 CAP audiograms from one GP are shown, 
plotted before, during, and after high pass filtering. Various filter cut­
off frequencies were used (7, 12 a  15 kHz; the cut-off slopes were greater 
than ICO dfi/octave) and it can be seen that the CAP threshold values for the 
high frequencies are unchanged. In figure 8.2, the CAP audiograms are 
plotted with (dotted curve) and without filtering the stimuli with a l/ 3 
octave band pass filter centred on the stimulus frequency. Again, there is 
no alteration in the CAP threshold values obtained for the high frequencies.
Another possible explanation for CAPs having lower thresholds than
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IN ITIAL Cfcf AUUIOGRAM 
7KHz h igh  p a ss  f i l t e r e d  
121cH* n " "
l5kHi " " *
FINAL a# AUDIOGRAM
fig- 8-2
CONTROL 1 -  U U FILTSRi) STIMULUS 
STIMULUS XTAVfi BALD-PASS FjLTSHSU 
CONTROL 2 -  UKFILTSRM STIMULUS
Figure 8.1 CAP audiograms measured from a normal GP with and without 
high-pass filtering of the stimulus (4 ms tone pip, 2 ms 
rise/fall). See key for filter cut-off values.
Figure 8.2 CAP audiogram measured from a normal GP with the stimulus
(4 ms tone pip) unfiltered (continuous oe dashed curves) and 
filtered (dotted curve) with a l/ 3 octave band-pass filter.
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cochlear fibre thresholds is that some of the‘single fibre thresholds 
could have deteriorated during the course of an experiment} in most cases 
the CAP thresholds were not determined at the same time as the cochlear 
fibre responses, but 1-6 hours later. A further possible reason is that 
because the CAP is the result of synchronous activity of many cochlear 
fibres, it is in effect an averaged response. As such, it could yield a 
lower threshold value than that of any individual cochlear fibre, which is 
ascertained without averaging. This is particularly possible for high 
frequency stimuli, which produce the most synchronous cochlear fibre disch­
arges, and thus where the CAP best represents cochlear fibre activity.
Given the limitations already discussed, the demonstrated relationship 
between the CAP audiogram and the minimum thresholds of cochlear fibre 
responses is good evidence that CAPs evoked by a tone pip are the result of 
activity of cochlear fibres with CFs near to the frequency of the stimulus. 
Further evidence to indicate that responses near threshold are associated 
with events at specific points along the cochlea is the increasing latency 
of the N] of the CAP with a decrease in stimulating frequency. This can 
be observed in figure 8.3 which shows, from a normal GP, a series of CAP 
responses evoked by tone pips of various frequencies. Each trace is an 
average of 100-150 responses; because successive stimuli are in random phase, 
any cochlear microphonic component is largely eliminated. The intensities 
of the stimuli were within 15 dB of the visually determined CAP threshold.
It was not possible to measure the absolute latency values of these 
responses because of the uncertainty of when, on the stimulus rise time, 
the response is evoked. However, the relative latency values are con­
sistent with latency measurements of single cochlear fibres to click stimu­
lation (EVAHS, 1972). For example, in GP cochlear fibres, the difference 
in response time between fibres with CFs of 20 kHz and 5 kHz is approximately 
0.6 ms. The latency difference between the H] response to a 20 kHz stimulus 
and to a 5 kHz stimulus is also approx. 0.6 ms. However, although the Nj 
latencies in figure 8.3 are compatible with cochlear fibre data for high 
frequencies (above approximately 2 kHz) the latencies for low frequency 
signals are not long enough. For example, the N| of a 5^0 Hz evoked CAP 
occurs approximately 0.5 ms earlier than the latency of cochlear fibres with 
CFs of 500 Hz suggests it should. In figure 8.3 it can be seen that the Nj 
wave in the CAP evoked by low frequency stimuli, precedes the largest, second 
response peak (N2 )• This small Nj is assumed to be the result of some 
spread of high frequency energy in the stimulus, to basal regions of the 
cochlea.
To test this idea that the Nj to low frequency stimulation is an art­
efact of high frequency energy spread, the tone stimuli were made more
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Figure 8.3 Near threshold} tone evoked CAPs (averaged) recorded from near 
the round window in a control GP. The frequency and intensity 
of fh® stimuli are indicated (right). The stimulus was 4 ms 
tone pip with 2 ms rise/fall times.
frequency specific by filtering them through l/3 octave band-pass filters 
(centred on the stimulus frequency). The stimuli then had less energy 
spread to other frequencies whilst retaining their necessary impulsive 
properties, essential for evoking a CAP response. Figure 8.4 shows the 
energy spectra of a sample of stimuli with and without such filtering. For 
frequencies above 2 kHz the filtering does little to change the stimulus 
spectrum. This is borne out in figure 8.5 which shows the averaged CAP 
responses evoked by the l/3 octave band-pass filtered stimuli. Above 2 kHz 
the responses are essentally similar to those produced by unfiltered stimuli 
(figure 8.3). For frequencies of stimulation below 2 kHz, the CAP responses 
evoked by the filtered tone pips are of longer latency than for the unfiltered 
stimuli. In figure 8.6, plotted against frequency, are the latencies of the 
N} , N 2 and N 3 peaks of the CAPs shown in figure 8.3, and also (in the dotted 
line) the latencies of the CAPs evoked by the filtered stimuli (from figure 
8.5)* The latencies of the responses to the filtered stimuli have been 
corrected for the stimulus delay through the band-pass filter. The dashed 
parts of the N ] and N2 latency curves indicate the peaks of maximum ampl­
itude. It is these peaks which correspond, in latency, to the more frequency 
specific responses obtained using l/3 octave band-pass filtered stimuli 
(dotted line). Thus the dominant response in the CAP evoked by stimuli 
below 1 kHz is of the appropriate latency to suggest that it represents the 
activity of cochlear fibres with CFs below 1 kHz.
The limitations of using tone pips (2 ms rise/fall time) as stimuli for 
assessing the response threshold of low frequency, apical areas of the coch­
lea have been stated. Nevertheless, such a tone pip seems to be nearly 
optimal for eliciting a frequency specific CAP response. As mentioned prev­
iously, the amplitude of the peaks in a CAP will very much depend on the 
synchrony of firing in a population of cochlear fibres and because of this, 
the threshold of detection of the CAP will depend very much on how impulsive 
the stimulus is. Illustrating this, figure 8 .7 shows CAP audiograms determined 
using stimuli with different envelope rise times. The coarse dashed curve 
was obtained with tone stimuli having a 1 ms rise time, the solid line with 
2 ms rise time, the dashed line with 4 ms rise time, and the dotted line 
with stimuli having an onset rise time of 10 ms. Clearly, the shorter the 
rise time, the more impulsive the stimulus will be} the resultant increased 
synchrony of discharge will make the CAP evoked more obvious and have a lower 
threshold of detection. GOLDSTEIN ec KIANG (1958) demonstrated many years ago 
this requirement for a stimulus to have a rapid rise time in order to evoke 
an AP response. Too short a rise time will, however, make the stimulus too 
broad-band. The trade-off between having an impulsive stimulus, essential 
for evoking synchronous neural activity, and having a frequency specific
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ENERGY SPECTRA OF UNFILTERED TONE PIPS
ENERGY SPECTRA OF 1/3 OCT. FILTERED TONE PIPS
Figure 8.4 A comparison of the energy spectra of a sample of the 4 ms 
tone pips before and after l/3 octave band-pass filtering. 
(The repetition rate of this test signal = 200/s).
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Figure 8.
AVERAGED CAPs
1/3 OCTAVE FILTERED
TONE P IP  SUM  U L U S  ST IM U LU S L E V E L  
FREQUENCY (APPROX. dB SPL)
0- 8 kHz
1- 0 kHz
1- 6 kHz
2- 0 kHz
3- 0kHz 
5 0 kHz 
8 0 kHz 
10-0 kHz
60 dB  
50 dB 
¿OdB 
Z>0dB
¿OdB
3 0 d B
20dB
2 0 d B
GP 6 3 8
Near threshold, averaged CAPs recorded from near GP round 
window in response to tone pips (2 ms rise fall times) 
filtered with l/3 octave hand-pass filters. The frequency 
and intensity of the stimuli are indicated (right). The 
stimulus delay through the band-pass filter has been corrected 
for in this figure by shifting the traces appropriately.
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Figure 8.6 The latencies of the Nj , N 2 & N3 peaks of the averaged CAPs 
evoked by tone pip stimuli, plotted against the tone pip 
frequency. The continuous and dashed curves are latencies 
from CAPs evoked by unfiltered tone pips (from figure 8.3). 
The dashed curves indicates the peak with the greatest 
amplitude. The dotted curve is the Ni latency from CAPs 
evoked by l/3 octave filtered tone pips (from figure 8.5).
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TONE FREQUENCY ( kHz )
Figure 8.7 CAP audiograms from a normal GP obtained using stimuli 
with envelope rise times of 1,2,4 and 10 ms (see key). 
Threshold tone levels represent dB SPLi6dB at the tym­
panic membrane.
stimulus which will excite (near threshold) a particular fee-ion of the 
cochlea is well met by the tune pip used. An. even better compromise would 
be a filtered tone pip (or a pure tone gated by a Gaussian envelope) espec­
ially for limiting the spread of energy of low frequency stimuli (see fig.
6.4) •
Despite its obvious potential use as a method for objective audiometry, 
little use has been made of the CAP threshold to tone pip Stimuli in either 
experimental CAP recording or, more importantly, in clinical electrocochleo- 
graphy. OZDAJLAR et al. (1975) have found that the behavioural threshold 
and CAP threshold curves (CAP audiograms) of ger'oils compare very favourably, 
both for normal and kanamycin treated animals. They reported that the 
comparison is good in the frequency range from 5C0 Hz to 24 kHz. DAVIS (1976) 
has reported that in clinical electrocochleography, the thresholds of the 
CAP responses to brief tone pips at 8, 4 & 2 kHz are very close to audiometric 
thresholds and that 1 kHz tone pips are "also useful". EGGEIMONT and co- 
workers (BGGEBXQNT « 0DEN2HAL, 1974, SCHMIDT, EGGB8&0HT & ODEKTHAL 1974; 
have also found in patients, a good agreement between the subjective thres­
hold, and electrocochleographic threshold to tons pip stimuli.
The present study offers direct evidence that tone yip evoked CAPs can, 
within the limits discussed, be valid indicators of the threshold of indiv­
idual cochlear fibres, and hence in cochlear pathology, residual cochlear 
function.
8 .2  THE CAP AMPLITUDE : INTENSITY FUNCTION.
The reasons for investigating amplitude and latency : intensity func­
tions have teen stated in the introduction (section 1.1b,) and in the results 
section 5*2. To reiterate,. the main concern was a) with the origin of 
the form of these functions, particularly those from ccchleas with OHC loss, 
and also b) whether any feature of the function could be a useful indic­
ator of the degree or extent of a cochlear lesion.
CAP amplitude : intensity, functions have been measured extensively 
in experimental animals, anu in human electrocochleography (e.g. cat: DERBY­
SHIRE a DAVIS, 1935? R03ENBLITH, 1954; PEAKE « KIANG, 1962; RADIOHOVA, 1963; 
STANGE et al. 19645 YilEDSEHOLD « KIAR'G, 1970. GF: TAUB <je RAAB, 1969? NIBDER 
¿c NIEDER, 1970; SPOOR EGGERY.ONT, 1973; BORE et al. 1972; EGGERYOKT a SPOOR, ■ 
1973; EGGERiiONT cc OLENTHAL, 19741 DALLQS « V.AKG, 1974? ARAN a DARROUZBT,
1975? ARAN oc CilARLST oe 3AUVAGE, 1975* Eat: CROWLEY et al. 1972. Man:
YOSHIE, 1968; Y0SH1E « 0HA3HI, 196?; ARAN, 1971, 1973? SALOMON os EL3ERLING, 
19/1; FOlhduiRN et al. 1973? EGGSiUUNT « OLENTKAL, 1974; TY2ERGHEIK, 19/5? 
MONTANDGN et al. 1975a, b? NAUVON oc ZERLIN , 1976; ELBERLINS os SALOMON, 1976;
ELBERLING, 19 ¡ 6 ; THORNTON, 19 /6).
These functions, when plotted with a linear amplitude'ordinate and with a 
stimulus intensity abscissa in dB, are often described as typically having 
two segments. Over low intensities the amplitude of the CAP response grows 
slowly, and at higher intensities it increases rapidly. YOSHIE (i960) 
described these segments as L « H curves respectively. (The 'two segment' 
description has evexi been iorced upon functions which show no obvious two seg­
ments e.g« ARAN 1973)« This 'typical' shape to the amplitude : intensity 
function has commonly oeen explained in terms of different populations of 
nerve fibres or receptors which are predominantly active at either low or
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high intensities of stimulation (e.g. DAVIS et al. 1958; YOSHIE, 1966; 
ROSENBLITH, 1954? RADIONOVA, 1963; YOSHIE a OHASHI, 1Q69? STANCE et al.
1964; KSIDEL, 1970; ARAN, 1971; PORTMAM et al. 1973; EGGERVONT cc ODERi'HAL, 
1974)* This explanation is untenable because a) there is no good evidence, 
anatomical or physiological, for more than one population of cochlear fibres 
(see section 1.3d for details), and b) the two segments are not an invariant 
feature of such functions. This is clearly demonstrated by the click evoked 
amplitude s intensity functions of the present study (figure 5*12)• The 
amplitude of the CAP increases linearly with increasing stimulus intensity 
in dB. On the other hand, functions obtained with frecuoncy specific 
stimuli (figure 5*13) show the 'classical1 two segments. A survey of 
published amplitude : intensity functions (figures 8.8 cx 8.9) also indicates 
that functions obtained with frequency specific stimuli can more easily be 
described as having a two segment curve than those obtained with more broad 
band stimuli. ( la figures 8.8 ¿c 8.9, functions obtained with frequency- 
specific stimuli are drawn on the right hand side of each figure.} Without 
details of the energy spectra of the stimuli used (e.g. how broadband the 
click stimuli actually are) the comparison can only be cursory. Some of the 
functions obtained with click stimuli do show an inflexion (e.g. top left 
diagram of figure 8.9) but the important point to note is that it is much 
less obvious than in functions obtained with frequency specific stimuli.
This feature has not previously been explicity emphasized.
An explanation, more convincing than the two population hypothesis, to 
explain the two segment curve obtained with a frequency specific stimulus 
has been proposed by EVANS (l$75a, c). OhDAxAE a  DALLGS (1976} proposed a 
similar explanation. Figure 8.10 (from EVANS 1975*0 shows, diagrammatica Hy, 
the effect of increasing the intensity of a tone stimulus (indicated by the 
dashed line at T j on the number of cochlear fibres activated. At low inten­
sity in the normal cochlea (top left), as the stimulus intensity increases it 
will stimulate relatively few fibres. When the stimulus is intense enough 
to reach the region where the tails of many FTCs overlap at any specific 
frequency, it will cause many- fibres to be active. The number cf fibres 
active, as a function of stimulus intensity, is represented in the lower 
left-hand diagram. There is a similarity between this plot and the amplitude 
intensity function to a tone stimulus, but as EVANS emphasises (1975^)> the 
CAP is the result of a complex interaction of potentials and it is unwise 
to go too far with a simplistic explanation of gross CAP phenomena. Never­
theless, for a pure tone stimulus, EVANS' hypothesis goes some way to explain
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«I1DBRH0LD & KIANC (1970). 
CAT.
CLICK.
BONK e t  a l .  (1 9 7 2 ) .  
CP.
CLICK.
i ntensity (rel.dB)
IEG3E10NT A 0D 3N m i (1 9 7 4 ). 
OP.
0 20 ¿0 60 80 100 
INTENSITY (relative dB)
□AVIS ( 1 9 6 1 ) .
CP.
» I I » I I » I I | ;
0 20 ¿0 60 80 100 
INTENSITY (rei dB)
AHAIf A CHAHLKT De SALVATO ( 1 9 7 5 ) . 
CP.
8 XHs i-'ILT-W'it) CLICK.
intensitv(reldB)
Figure 8.8 CAP amplitude (linear scale) versus intensity (d3) functions 
for cat and GP, redrawn from the literature. The species and 
stimulus used are indicated on each diagram. The functions 
to the left of the figure were determined with broadband 
(click) stimuli while those on the right were determined using 
frequency specific stimuli.
THORNTON ( 1 9 7 6 ) .  
man.
CLICK.
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X G ’ÎRMONT A OD9TCHAL ( l 9 7 0 »
MONTANDON e t  a l .  ( 1 975)•  
MAN.
EGGKRMONT ( 1 9 7 6 ) .  
MAN.
CLICK.
INTENSITY Irel-dB)
MAN.
PÜR5 TONS (i*KHi)
INTENSITY Irel.dB)
5LBSRUNC ( 1 9 7 6 ) .
MAN.
fRSÎUKNCY SPCIPIC CLICKS.
3TGKRUONT ( 1 9 7 6 ) .  
MAN.
PURS TON S S .
INTENSITY Irel.dB)
figure 8.9 CAP amplitude (linear scale) versus intensity (dB) 
functions for man, redrawn from the literature.
The stimulus used is indicated on each diagram.
The functions to the left of the figure were determined 
with broad-band click stimuli, while those on the right 
were determined using frequency specific stimuli.
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Figure 6.10 (from EVANS 1975b). A schematic diagram illustrating,
hypothetically, the growth of the number of active cochlear 
fibres with increasing tone stimulus level, in the normal 
cochlea (left uiagrams) and a pathological cochlea (right 
diagrams). The tone is indicated by the dashed line at T. 
The growth in the number of active fibres with increasing 
tone level is represented in the lower graphs. A fibre is 
added to the active group as the tone level crosses its 
FTC. The scales in each plot are arbitrary. The growth of 
the number of active fibres may relate to the growth in 
amplitude of the gross cochlear action potential with 
increasing stimulus intensity.
the two segment amplitude» intensity lunction.’
Do BOER (1975) Das attempted to model the amplitude: intensity 
function more formally, using known properties of cochlear fibre responses, 
particularly their frequency selectivity, and rate function (i.e. the way 
the firing probability of a nerve fibre depends upon the intensity of the 
stimulus). In this model, the CAP v.avex'orm has been synthesized from 
assumed unit functions ’(the signal wave form that every firing of each fibre 
contributes to the CAP). De BOER has compared theoretical amplitudes 
intensity functions produced from his model to experimental functions from 
the normal cat (using analogous tone pip stimulus parameters), and found 
a dioerspancys "the theory fails to explain the observed extra rise of the 
CAP amplitude for stimulus intenskies above 70 d3 S.-'L". One contributing 
reason for this was that the hypothetical frequency selectivity of cochlear 
fibres used in the model were derived from impulse responses obtained by 
reverse correlation, and unlike she proposals of EVANS and of OZDAuAE did 
not include tails to the tuning curves. It is clear that their inclusion 
would go some way towards explaining the discrepancy in the model. De 
3CER (1975) acknowledges this, but doubts whether il could fully account 
for the increase in CAP amplitude at high intensity.
EVANS' hypothesis (and that of OZDAMAR de DALLCS) alco fails to account 
for the rise in CAP amplitude at high stimulus intensities, if broad band 
stimulation is considered. This i3 illustrated in figure 3.11, which 
diagramatically shows the region of the high frequency cut-off of the audio­
gram. (The actual slo^e of the out-off is not important.) The broad 
band stimulus (click) is represented as having a flat energy spectrum.
The number of fibres active at increasing stimulus intensity is shown in 
the lower graph. The hypotheti cal CAP amplitude wouiu increase rapidly at 
low intensities anu muen less rapidly at high intensity. 'The slope of the 
function at high stimulus intensities, predicted by this simple extension 
to EVANS' hypothesis, is clearly not adequate to explain the slope of the 
normal amplitude function to broadband stimuli (e.g. as shown in the results 
of the present study in figure 5.12).
In the models of EVaNS, ne BOER, and OZDAItAit <x DALLQS, excitation 
spreads to high frequency regions of the cochlea as the stimulus intensity 
is increased. Derived CAP studies (CAPs representing action potentials 
originating from frequency hands alongthe cochlea) indicate that the CAPs 
produced from the high frequency region of the cochlea have larger amp­
litude than those from more apical regions (TEAS et al. 1962; EI33NDING, 
1974$ SGGEPJ.ONT oe 0 TENTH AL, 1974)* Thus it is to be expected that a 
basalward spread of excitation would produce an increase in CAP amplitude.
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S ig n a l in te n s ity  (dB)
Figure 8-1 1 Schematic diagram to demonstrate the increase in the number 
of a cochlear fibres activated as the intensity of a broad 
band click stimulus is increased, (compare with figure 8-10).
In the upper diagram, stylized FTCs of the HF cut-off of 
the audiogram are shown. The number of fibres activated by 
the stimulus as its intensity is increased is represented in 
the lower graph.
De BOBR (1977) suggested that the increase in amplitude of the CAP 
is because the contribution from the basal neurones in the cochlea are 
10-20 times larger than those of more apically located fibres i.e. the 
unit functions of fibres in the basal turn are larger than those in other 
turns. It is possible that the site of origin of basal fibre unit functions 
is closer to a roundwindow electrode than the origin of unit functions from 
more apical cochlear fibres. However, the rise in the CAP amplitude 
function at high stimulus intensities is also found when the recording 
electrode is essentially equidistant from all parts of the cochlea (e.g. 
ear canal recordings).
Some authors regard the larger CAP amplitude from basal fibres to 
result primarily from the greater synchrony of discharge in such a fibre 
population (e.g. DEATHERAGE et al. 1959? TEAS et al. 1962; ELBERLING,
1976). The inclusion of a weighting function, to account for changes in 
the synchrony of fibre discharge with frequency, would improve (at least 
qualitatively) the suggestion of EVANS, and the model of OZuAMAR for the CAP 
amplitude : intensity function for click stimuli.
8.3 CAP AMPLITUDE : INTENSITY FUNCTIONS IN COCHLEAR PATHOLOGY.
The results of the present study (figures 5.14-5*18) have shown that the 
hair cell loss caused by kanamycin poisoning (and therefore loss of the low 
threshold and sharply tuned segment of cochlear fibre FTCs) has raised the 
threshold of the CAP response, and reduced its amplitude in response to 
maximum stimulus intensities.1 The elevated threshold corresponds to the 
elevation of the minimum thresholds of cochlear fibres. The decrease in 
maximum amplitude is most likely to be the result of loss of IHCs (and OHCs) 
in the extreme basal region of the cochlea as a result of kanamycin poisoning. 
Thus, fibres from such regions, which would normally be active at high stim­
ulus intensities, no longer contribute to the CAP. This will be the case 
for broadband stimuli, and for tone pips when such stimuli fall within the 
tails of the FTCsof high CF fibres. Because the most basal fibres contribute 
most to the CAP (e.g. because of their synchronous discharge), small areas of 
inactive or missing fibres could result in a large decrease in the maximum 
amplitude of the CAP compared to the maximum amplitude in the normal animal.
The plateau in the amplitude : intensity function to tone pip stimuli, 
often found in the present study (e.g. figure 5*14-5*17)» is possibly the 
result of a 'saturation' of the most basal fibre population caused when the 
tone pip stimulus is intense enough to fall within the tail segments of the 
most basal fibres response areas; a further increase in stimulus intensity 
would not cause an increase in the number of fibres stimulated.
1 Similar findings have been made by DAVIS et al. (1958)» ARAN a  DAKROUZET, 
(1975) and ARAN oc CHARLET de SAUVAGE (1975), hut the cochlear lesions 
(produced by aminoglycoside poisoning) were not well defined.
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It is appropriate to comment on the putative relationship between the
steepness of the CA? amplitude : intensity function and loudness recruitment.
Steep CA? amplitude'! intensity functions with high thresholds have been commonly 
recorded in clinical electrocochleography (ARAii 1971? 1973; PORTMANN et al.
1973; EL3ERLING 19745 ELBERLING cc SALOMON 1976) and have commonly been termed 
recruiting functions. Such functions have often found in patients with loudness 
recruitment, and some authors (e.g. ARAN, 1973) claim that loudness recruitment 
can be predicted from the CAP amplitude function. It. has been suggested (e.g.
EVANS, 1972, 1975b) that loudness recruitment may be associated with the broadeniir 
of cochlear fibre FTCs in cochlear pathology. Thus, in figure 8.1C (from EVANS, 
1975b) the lower right hand graph illustrates the rapid increase in the number of 
fibres active as a tone stimulus falls into the low frequency tail region of 
broadly tuned F'TCs. EVANS (197510 suggested that the steepness of the slope in 
that graph may bear some relation to the growth of loudness, and may also explain 
the 'recruiting type' of CA? amplitude : intensity function found in cochlear 
pathology. It is not relevant to discuss how the loudness percept is related to 
cochlear fibre activity, and 'whether, in that respect, EVANS suggestion is tenable. 
However, tne results- of the present study do bear upon hov: the steepness of the 
cochlear action potential amplitude : intensity function, recorded from pathol­
ogical cochleas, relates to the increase in fibre activity. For a given threshold 
elevation, the steepness of the amplitude : intensity function depenus entirely on 
the maximum CAP amplitude. For click, stimuli, this maximum amplitude appears to 
be unrelated to the number of fibres active. Thus in figure 5*1&> cochleas 551, 
546, 5 6 6 ,  5/2 cc 5°<3j*have very similar cochlear lesions (and, by inferpr.ee, similar 
deficits of active fibres) but their maximum CAP amplitudes, and in consequence 
the steepness of the amplitude : intensity functions are very different/ Perhaps it 
is not surprising that MONTANLON et al. (1975) find that this function for patients 
with recruiting sensorineural hearing loss can be as steep as those from patients 
with non recruiting hearing losses.
For tone pip stimuli, the steepness of the amplitude: intensity function in 
cochleas with extensive OHC loss do approach the steepness of the normal function 
at similar intensities. This could be considered as being compatablo with EVANS 
(I975t,c) hypothesis for the steep slope of pathological amplitude-: intensity 
functions. That is, that the overlapping (broadly tuned hign threshold) FTCs of 
pathological cochlear fibres and the high threshold overlapping tail segments of 
normal FTCs provide the same substrate for a rapid spread of activity to many fibre 
as the stimulus intensity is increased. in. this respect, the model may be ■
2 "
It is worth noting that these maximum CAP amplitudes are being compared in 
absolute terms with the normal maximum amplitude values. If the CAP amplitude: 
intensity function is plotted as a ,« of its own maximum, as in figures 5.14- 
5* o, the slope will always appeal’ steep and of the 'recruiting type'.
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I
*Tr* a broau-banu click, stimulus.
3
of response to click s-timuli occux’ with increasing intensity of stimulation 
(e.g. in high CF cochlear fibres (cat) at least 0.5 ms for a stimulus 
intensity change of 40 d3; KIAiiG at al.' 1565).
As the intensity of the clicx stimulus is increased, cochlear fibres 
both apical and basal to these responding at threshold will be stimulated, 
but on the principle that the most basal of these fibres discharge most 
synchronously (ana perhaps contribute larger unit responses to the CAP) 
the iij latency will re essentially determined by the location along the 
cochlea cf the most basal fibres in any group stimulated. Thus, cochlear 
fibres whose minimum thresholds form the HP cut-off slope of the audiogram 
will determine the Ii| latency. At maximum intensity, the latency will be 
that of the discharge of the most basai fibres. The pattern of latency 
change is evident in the data of fig. 5.19 shows the latency : intensity 
functions before and after cochlear hypoxia. The most Sensitive (low 
threshold) part of the audiogram is arounu 10 kHz both before and after 
the elevation of thresholds due to cochlear hypoxia. Correspondingly, 
the N| latency at threshold before and after is approximately the same 
value of 1.5 ms. At high intensities, where the high frequency cut-off 
of the CAP audiograms (upper diagram) converge, so too at these stimulus 
intensities, do the latency values.
The same qualitative interpretation can be given for latency functions 
from grossly pathological cochleas such as those of figures 5*15 & 5*16.
Here, because of high frequency threshold elevation (reflected in the CAP 
audiogram), the most sensitive area of each audiogram is at low frequencies, 
distant from the basal turn. Correspondingly, at threshold, the latency of 
the CAP is abnormally long, approaching 2.0 ms. Very little increase in 
intensity will stimulate the high threshold, basal region, and accordingly 
the latency jumps to a short value at high intensities. This type of latency 
jump is often reported in clinical electrocochleography and termed a 'diss­
ociated response'. It is typical of sensorineural hearing loss involving 
high frequency thresh .la elevation ( AJ.Ab, 1973).
This interpretation of the latency» intensity function is sometimes 
used for the interpretation of clinical electroccchleographic data (Y. CAZALb 
(Bordeaux group) personal communication; EGGERYGET, 1976)• The principle is 
also a feature of de BOEEs model of CAP amplitude and latency : intensity 
functions. Thus de BOER (1975) states "...we can understand how the latency 
of the maximum value of the A ? will be mainly controlled by those neural unit 
that are on the border of the excitation pattern towards the region of higher 
resonance frequencies". The present study has empirically confirmed the
general validity of such an interprenation.
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compatible with the recent clinical studies by EGGEBMOHT (1976) which 
indicate that the steepness of the tone evoked amplitude : intensity 
function can be a good indicator of loudness recruitment.
EVANS (1975b) suggestion for recruitment also incorporates the possib­
ility that cochlear fibre rate;intensity functions may be abnormally steep 
in cochlear pathology, and that this may contribute to the loudness recruit­
ment phenomenon and to the rapid growth of the CAP amplitude : intensity 
function under conditions of cochlear pathology. Again, it is not relevant 
to comment on the relationshjp between rate of activity in cochlear fibres 
and loudness. With regard to the CAP amplitude, it is unlikely that the 
steepness of the rate iunction per se will have any influence on the ampli­
tude of the CAP. The first (and usually largest) peak of the CAP is typically 
of 1 ms in duration, and it is therefore unlikely that more than one action 
potential from any fibre contributes to it. However, EVANS assumes 
(personal communication) that the rate: intensity function of a fibre is 
related to its probability ; intensity function (i.e. the probability of a 
fibre discharge occuring with a certain time period as a function of stimulus 
intensity). If this relationship holds for the onset response of a fibres 
discharge, then a population of fibres with steep rate/probability -functions 
will certainly contribute to a rapid increase in CAP amplitude with intensity.
8.4 CAP LATENCY 4 INTENSITY HUNCTIONS.
CAP latency : intensity functions were measured for both tone pip and 
click evoked responses, but as stated previously, the latency functions for 
the tone pip stimulation cannot be determined because of the slow rise time
(2 ms) of the stimulus, and are thus not considered.
The click evoked CrP latency cnanges with intensity in a rather
predictable manner. In the case of a broadband stimulus with a
relatively flat energy spectrum, the most sensitive part of the audiogram 
is stimulated at CAP threshold. This seems reasonable on intuitive 
grounds. The latency of the Nj response to a click stimulus at threshold 
in the normal GP is approximately 1.5 ms* (In the eight examples in 
figure 5.12, these latencies are 1.35- l»55ms> average 1.49;• This 
value does not compare favourably with the available data on the latency 
of GP cochlear fibre responses to crick stimuli (EVANS 1972; review,
EVANS 1975a) which indicate that cochlear fibres in the most sensitive 
8 - 1 0  kHz region have much shorter latencies of 1.0 - 1.5 ms (average
1.3 ms). However, a straight comparison of these two latency values is 
unreasonable. The Nj latency represents cochlear fibre activity near 
threshold, whereas the available data of EVANS is ascertained at sound 
levels 20-00 dr above minimum threshold. Considerable changes in latency
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However, this simplistic interpretation of Cj»P latency will almost 
certainly be compounded by latency changes which could occur as a result of 
changes in the filtering properties of cochlear fibres in cochlear pathology 
It may be significant in this respect that two of the control cochleas of 
figure 5*12 (GPs 543 oc 613), in which a slight elevation of CAP thresholds 
occurred (indicating some acute cochlear deterioration) also had latency 
values at maximum stimulus intensities which were shorter than the other 
controls. This could have been because the high CP fibres suffered a 
deterior»+.i on in their tuning during the cochlear insult, resulting in a 
reduction of their filter response times.
One of the purposes of clinical electrocochleography is to assess the 
pattern and extent of a cochlear lesion, that is, to obtain an objective 
audiogram. In this respect, the latency ; intensity function obtained with 
a broad band click stimulus is of some value for indicating the high- 
frequency cut-off slope of the audiogram, and therefore the extent of a 
basal cochlear lesion.
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APPENDIX A. Early psychophysical studies indicating a deterioration in 
frequency selectivity to be associated with sensorineural 
hearing loss ox cochlear origin.
Some early evidence concerning a deterioration of frequency selectivity 
as a result of cochlear pathology came from the use of noise audiometry, and 
the measurement of tone thresholds alone, and in the presence of noise 
masking. These measurements used to obtain the critical ratio i.e. the 
difference in dB between the threshold, in noise, of a pure tone and the 
spectrum level of the wide band noise required to mask the pure tone. The 
critical ratio bears a proportional relationship to the critical bandwidth, 
i.e. the critical bandwidth is approximately equal to 2.5 x critical ratio, 
(review* SCHARF, 1970).
ZANGMEISTBR (1951) measured the threshold of a pure tone in the presence 
of different noise levels and found that in at least one case of sensori­
neural deafness (Menieres syndrome) the ratio of noise to signal had to be lower 
than in normal subjects (i.e. the critical ratio was larger),, HUIZING 
(1952) used a similar technique, and found that for patients exhibiting 
recruitment, presumably indicating deafness of the cochlear origin, there was 
an increase in the critical ratio. He also found that spondees (two part 
words with equal emphasis on both parts e.g. book-case, back-fire) were 
masked by lower levels of noise than in normal. LANGENBECK (19539 1965) 
measured the pure tone audiogram in the presence of various noise levels and 
he also found subjects in which their masked threshold was much greater 
than normal. LANGENBECK, however, did not associate the increase in critical 
ratio with cochlear impairment, but with neural damage.
PALGQV ae TERESCHENKO (1973) reached a similar conclusion to that of 
LANGENBECK. They demonstrated an increase in the critical ratio (measured 
as a change in 'efficiency of the critical band') in patients with 'perception 
deafness'. They associated the deterioration in 'critical band' with neural 
(including central) pathology. They also investigated the relationship 
between hearing loss and deterioration of the 'efficiency of the critical 
band* (critical ratio) and showed that for hearing losses of up to $ 0 dB, 
there was no significant change in critical ratio;only higher degrees of 
hearing loss involved a deterioration in critical ratio.
GUNDERSEN (195&) mentioned a patient with poorer discrimination of 
speech in noise than for normal subjects and noted that "signs of cochlear 
changes were found in this ear".
Although there were some contrary opinions concerning the usefulness 
of the critical ratio as an indicator of deafness of cochlear origin (e.g.
-  169 -
PALVA et al. 1953), it was clear that some patients with sensorineural ueaf— 
ness of cochlear origin did exhibit an increased critical ratio and thus 
a widening of the critical band.
Further support for the view that a deterioration in frequency selectivity 
was the result of cochlear pathology came from studies which noted a 
greater spread of masking by narrow bands of noise, above and below the noise 
band. (JERGER et al. i960; RITTMANIC, 1962). Similar findings were reflected 
in the threshold of octave masking test (TOM) (CLACK oc BESS 1969, GRIM cc BESS 
1973) in which the masking, an octave above the masker, Was greater in sensor­
ineural hearing impaired patients than in normal subjects. The results of 
the last mentioned study were interpreted as being caused by an increase in 
2nd harmonic distortion of the input signal. Thus more noise would occur 
one octave above the masker due to the harmonics of the masker, and further­
more the test tone itself would have less energy because of its own distortion 
As a consequence the masked tone threshold would be raised. These results 
however, seem equally suitably explained by assuming that the frequency 
selectivity by the auditory system has deteriorated.
De BOER cc BOUMEESTER (1974), using a simple masking threshold tracking 
procedure-with a notch filtered noise band, found some (but not all) sensori­
neural deaf patients in which "the critical band mechanism is hardly funct­
ioning at all"* These authors however seem to have changed their minds about 
the interpretation of the data in terms of widening of critical bands, and 
later de BOER 6c BOUMEESTER (1975) preferred to think in terms of pronounced 
asymmetry of masking (PAM) caused as a result of harmonic distortion, again 
however, the PAM could be explained by a deterioration of auditory filtering 
(see note added' in proof to de BOER a  BOUMEESTER 1975 based on comment by 
E.F. EVANS).
More direct measures of critical band have shown that a deterioration in 
frequency selectivity occurs in sensorineural deafness. Be BOER (1961) gave 
an example of a reci’uiting ear with an increased critical band determined by 
the technique of measuring masked thresholds for narrow bands of noise of 
increasing bandwidth (spectral density of noise is constant). The bandwidth 
at which some of the energy of the masking noise starts to fall outside the 
critical band (hence not contributing to masking) gives the value for the 
critical bandwidth. Using another technique - loudness summation, 3CHARF & 
HELLMAN (i960) and BONDING (1976) showed greater critical bandwidths in 
subjects having cochlear deafness.
MARTIN (1 9 7 4) measured, in cochlear deaf patients, the loudness of pairs 
of tones with various frequency spacings (using a loudness balancing tech­
nique). His results suggest "extensive wiuening of the critical band mech­
anism" .
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